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A fundamental question in the Earth Sciences is whether, in certain situations, subducting 
lithospheric plates can get hot enough to generate melt that consequently contributes to magmatic 
output in volcanic arcs.  Because the subducting plate beneath the Cascade arc is relatively young, 
and therefore understood to be hotter than older subducting slabs, slab melt generation is considered 
possible.  Recent work has shown that slab melt is involved in magma petrogenesis in the southern 
Cascade arc (Walowski et al., 2015).  To better understand the role of slab melt in north Cascades 
magmas, this study focused on petrogenesis of high-Mg lavas from the two northernmost active 
volcanoes in Washington.   
High-Mg andesites (HMA) and basaltic andesites (HMBA) are magmas that have 
unexpectedly high Mg# (molar Mg/(Mg+Fe)) relative to their SiO2 contents.  HMA also exhibit Ni 
and Cr enrichment, as well as elevated La/Yb ratios that are due to notable depletion in heavy REE.  
Their steep REE is interpreted to result from separation of melt from a garnet-bearing residuum 
because of the high compatibility of heavy REE in garnet.  A major debate centers on the garnet’s 
origin, as it could be present in mineral assemblages from the subducting slab, deep mantle, thick 
lower crust, or basalts that undergo high pressure crystallization.   
The HMA examined in this study include the Tarn Plateau basaltic andesite (51.8–54.0 wt.% 
SiO2, Mg# 68–70) and Glacier Creek andesite (58.3–58.7 wt.% SiO2, Mg# 63–64) from the Mount 
Baker Volcanic Field, and the Lightning Creek basaltic andesite (54.8–57.9 SiO2, Mg# 69–72) from 
Glacier Peak.  This study combined whole rock and mineral geochemical analyses of these HMA to 
test several petrogenesis hypotheses, and determine if any are applicable to north Cascades HMA.  In 
Tarn Plateau HMBA, high La/Yb that positively correlates with Mg# in equilibrium liquids calculated 
from clinopyroxenes suggests an origin similar to that of Aleutian adakites.  This petrogenetic 
hypothesis calls on slab-derived melts that, upon interaction with the overlying mantle, become Mg-
rich, and subsequently mix with mantle-derived basalts.  The source for steep REE in Glacier Creek 
HMA is more ambiguous, and could have originated from the garnet-bearing mantle.  However, since 
Sr is fluid mobile, and P is fluid immobile, high whole rock Sr/P imply origin from a mantle that was 
hydrated by a slab component (fluid ± melt) that was enriched in fluid-mobile elements and resulted 
in the observe REE signature.  The Lightning Creek HMBA has three identifiable magmatic 
components, two of which share the HMA traits and are derived from a similar source.  Cr and Mg 
contents in Cr-spinel and olivine pairs suggest this source to be a depleted mantle, and, similarly to 
the Glacier Creek HMA, high whole rock Sr/P values indicate mantle melting that was induced 
through hydration.  Therefore this HMBA is interpreted have originated from a refractory mantle 
source that underwent melting through interaction with an incompatible element-rich slab component 
(fluid ± melt).  In summary, results indicate that in addition to slab-derived fluids, slab-derived melts 
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Mount Baker and Glacier Peak are the two northernmost active volcanoes in the western 
United States.  They are part of the Cascade volcanic arc, a subduction zone that extends from 
northern California to southern British Columbia (Figure 1).  The nature of the magma-generating 
processes in the southern and central Cascade volcanoes has received much attention in the literature 
(Bacon et al., 1997; Borg et al., 1997, 2002; Clynne and Borg, 1997; Conrey et al., 2001; 
Eichelberger, 2010; Grove et al., 2002, 2005; Leeman et al., 2004; Reiners et al., 2000; Ruscitto et al., 
2011; Scott et al., 2008; Smith and Leeman, 2005; Tepley et al., 1999; Walowski et al., 2015), 
especially since the eruption of Mount St. Helens in May of 1980.  There are some overview studies 
examining magma origin and processes in north Cascade volcanoes (Green, 1988, 2006; Hildreth et 
al., 2003; Mullen and McCallum, 2013, 2014; Mullen and Weis, 2013), but less is known about 
individual volcanoes in this segment of the volcanic arc. 
Partial melts of a heterogeneous mantle (Bacon et al., 1997; Clynne and Borg, 1997) are 
thought to be the principal input to magmatic flux in most subduction zones, but other fluxes are also 
possible, including subduction generated hydrothermal fluids (Borg et al., 1997; Kessel et al., 2005; 
Rupke, 2004; Schmidt and Poli, 1998, 2003) and potential slab melt (Defant and Drummond, 1990; 
Gomez-Tuena et al., 2006; Tatsumi and Hanyu, 2003; Yogodzinski et al., 2001; Walowski et al., 
2015).  Additionally, magmatic processes, such as mixing of various mantle and crustal components 
(Baggerman and DeBari, 2011; Clynne, 1999; DeBari et al., in prep.; Eichelberger, 2010; Reiners et 
al., 1995; Streck et al., 2007), can also subtly to drastically affect magma compositio44n.   
Because the oceanic plate that is subducting below North America is young (approximately 
10 Ma at the trench; Green and Harry, 1999), the Cascade arc is considered a hot subduction zone, 
and the possibility of slab melting is feasible (Xue and Allen, 2007; Grove et al., 2005; Leeman et al., 
2005, 2004; Ruscitto et al., 2011; Walowski et al., 2015; Yogodzinski et al., 2001).  However, 
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distinguishing between components that are contributed from the subducting slab and induce melting 
of the overlaying mantle is difficult.  Specifically, distinguishing between slab partial melts and 
hydrothermal fluids that are released from the slab, and identifying the unique characteristics of each, 
is a rapidly evolving topic.  Therefore some studies do not differentiate between slab-derived melts 
and fluids, and refer to these inputs as a single slab component.  Studies involving Cascade volcanoes 
(e.g. Lassen region, Mount Shasta, Mount Baker) have shown that such slab components, which 
contain slab fluid ± melt, clearly influence composition of some magmas (Borg et al., 2002; Grove et 
al., 2002; Mullen and McCallum, 2014; Walowski et al., 2015).  However, the nature of that slab 
component, including the ratio of slab melt to slab fluid, is debated and unquestionably variable.  
The influence of slab input is particularly contentious in the origin of high-Mg andesites 
(HMA).  These magmas are characterized by unusually high Mg# (molar Mg/(Mg+Fe)) relative to 
their silica (SiO2) concentrations.  Since Mg# and SiO2 contents are two defining magmatic 
characteristics that are negatively correlated, the combination of their high relative concentrations 
poses a fundamental geochemical paradox.  The anomalously high Mg contents of these magmas 
indicate equilibrium with mantle olivine, which implies a mantle source, yet their overall andesitic 
SiO2 contents are typical of crust-differentiated magmas.  Trace element chemistry of many HMAs is 
also distinctive; they exhibit a steep rare Earth element (REE) pattern (low heavy REE relative to 
light REE), and Ni and Cr enrichment relative to other regional lavas (e.g. calcalkaline andesites) that 
share similar major element chemistry (Clynne and Borg, 1997; Grove et al., 2005; Yogodzinski and 
Kelemen, 1998).   Their steep REE pattern is typically due to notable depletion in heavy REE, which 
results in high light- to heavy-REE ratios (e.g. La/Yb). 
The relative steep REE pattern of HMA, and direct association with subduction-zone 
magmatism, has been interpreted as evidence for significant slab input, and in some localities as slab 
melt (Yogodzinski and Kelemen, 1998; Grove et al., 2002, 2005; Borg et al., 2002; Straub et al., 
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2008; Macpherson et al., 2006; Streck et al., 2007).  Whether arc magmas can indeed originate from 
melting of the subducting slab is debated (Ruscitto et al., 2011).  Since melting related to subduction 
takes place under high pressures, where garnet is an essential component of the mineral assemblage, 
the slab melt is expected to have the characteristic steep REE signature of garnet (Poli and Schmidt, 
2002).  This steep REE pattern is acquired when heavy REE behave compatibly during separation of 
melt from garnet, resulting in lower abundances of those elements in the melt.  Nevertheless, other 
processes, such as melting of a garnet-bearing mantle, can produce a similar signature.  
Proposed HMA origins include (1) mixing between Mg-rich, high Sr and Nd/Yb slab melts 
and mantle-derived basalt (Yogodzinski and Kelemen, 1998, 2007; Yogodzinski et al., 2001); (2) 
mixing between melts of strongly subduction-modified mantle and melts of slightly modified to 
unmodified mantle (Straub et al., 2008, 2011); (3) melting of a depleted mantle fluxed by a fluid-rich 
slab component (Clynne, 1993; Clynne and Borg, 1997; Borg et al., 1997; Grove et al., 2002, 2005); 
(4) fractionation of low Mg# garnet from mantle-derived basaltic melts, with or without slab input 
(Macpherson et al., 2006); (5) mixing between dacitic crustal melts and a high-Mg basaltic liquid 
(Streck et al., 2007). 
This study focuses on rare high Mg-basaltic andesite and andesite lava flows in the northern 
Cascade arc (Mount Baker Volcanic Field and Glacier Peak) with the goal of better constraining the 
influence of the subducting slab on their origin.  This is especially intriguing in the Cascade arc, 
where subducting plate temperatures may be high enough to generate silicic slab melts with a high 
La/Yb signature (Defant and Drummond, 1990).  Two high-Mg flow units were investigated from the 
Mount Baker Volcanic Field (Tarn Plateau basaltic andesite and Glacier Creek andesite) and one 
from Glacier Peak (Lightning Creek basaltic andesite; Figure 1).  Mount Baker’s Tarn Plateau 
basaltic andesite has 51.8–54.0 wt.% SiO2 with Mg# of 68–70, and the Glacier Creek andesite has 
58.3–58.7 wt.% SiO2 with Mg# of 63–64 (Moore and DeBari, 2012; Baggerman and DeBari, 2011).  
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From Glacier Peak, the Lightning Creek basaltic andesite has 54.8–57.9 SiO2 with Mg# of 69–72 
(Taylor, 2001).  
All three flow units have been previously studied in a broader context and have whole rock 
geochemistry data available. Nevertheless, whole rock data alone offers limited information regarding 
magma genesis.  Because phenocryst minerals record changes in liquid composition and conditions 
such as temperature, pressure, H2O contents, and oxygen fugacity (ƒO2) during crystallization, 
mineral chemistry and textures are crucial when unraveling magma history.  Mineral textures help 
determine essential information such as whether minerals were in equilibrium or disequilibrium with 
the liquid (i.e. zoning, reaction rims), or have been recrystallized (i.e. sieving, resorption; Streck, 
2008).  They may also provide insight into pressure conditions during crystallization and magma 
decompression (composite crystals, oscillatory zoning, sieving), and they may also suggest if magma 
mixing occurred and if so, how soon prior to eruption (i.e. normal or reverse zoning, sieving; Clynne, 
1999; Humphreys et al., 2006; Streck, 2008).  Mineral major, minor, and trace element chemistry 
offer information about their parent liquid (melt) source (i.e. hydrous, silicic, metasomatised), which 
modes crystallized first (i.e. molar element ratios, such as Mg#), and which minerals are phenocrystic 
or xenocrystic (i.e. equilibrium liquid calculations using partition coefficients; Arth, 1976; Clynne, 
1999; Clynne and Borg, 1997; Grove et al., 2002; Severs, 2009; Straub et al., 2013; Streck, 2008; 
Yogodzinski and Kelemen, 1998).  Hence mineral data are necessary in order to successfully test the 
HMA petrogenesis hypotheses presented above.  By combining previously-determined whole rock 
data with a new, thorough study of mineral chemistry and textures, each of the petrogenetic 





The Cascade arc begins with Lassen Peak to the south and extends north into Canada where it 
ends at Mount Meager (Figure 1).  The style of volcanism along the arc varies greatly, and changes 
from a continuous belt of composite and monogenetic volcanoes in the south to isolated 
stratovolcanoes with abundant primitive satellite vents in the north (Guffanti and Weaver, 1988; 
Hildreth, 2007).  Volcanism in the Cascade arc is associated with the subduction of the young (≤10 
Ma at the trench) and hot (thrust temperature >200 °C at the trench) Juan de Fuca Plate beneath the 
North American Plate (Green and Harry, 1999; Hildreth, 2007; Oleskevich et al., 1999).  The Juan de 
Fuca plate is obliquely subducting to the east at a rate of 3–4 cm/year, roughly 300 km west of the 
volcanic front (Xue and Allen, 2007; McCrory et al., 2012; Heaton and Kanamori, 1984) .  
Subducting slab ages presented by Green and Harry (1999) show the Juan de Fuca Plate to be roughly 
19–20 Ma below Mount Baker and Glacier Peak. 
Guffanti and Weaver (1988) divided the arc into five main segments based on spatial and 
temporal data of over 2,500 young (<5 Ma) vents, as well as geometrical and structural changes in the 
Juan de Fuca Plate.  This subdivision was modified by Schmidt et al. (2008), who divided the arc into 
four regions based on geophysical constraints and isotopic properties of Cascade primitive magmas.  
Mount Baker and Glacier Peak are the two southernmost volcanoes in the northernmost segment of 
the Cascade arc, in accordance with both divisions.  This northernmost segment is the Garibaldi 
Volcanic Belt (Figure 1).   
Mount Baker Volcanic Field 
Mount Baker (3,286 m) is an active, primarily andesitic stratovolcano that is part of a 1.3 
million year old volcanic field (Figure 2; Hildreth et al., 2003).  The field is situated on young 
continental crust that is dominated by accreted oceanic terranes, is roughly 35–40 km in thickness, 
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and is approximately 320 km east of the subduction trench (Ramachandran et al., 2006; Hildreth et 
al., 2003).  Using field observations and K-Ar and 40Ar/39Ar dating, Hildreth et al. (2003) produced a 
comprehensive eruptive history of Mount Baker Volcanic Field.  The authors recognized a total of six 
principal volcanic phases, starting with the Kulshan caldera event (1.3–1.15 Ma), and ending with 
Mount Baker’s formation, including all satellite vents, and contemporary activity (0.1 Ma–Holocene; 
Figure 2).  While Hildreth et al. (2003) provide major element data for the Mount Baker Volcanic 
Field, they did not include an interpretation of these data.  More recent geochemical work on regional 
lavas by Baggerman and DeBari (2011), Moore and DeBari (2012), and Mullen and McCallum 
(2014) provide insights into the origin of primitive to intermediate suites of magma, including lavas 
relevant to this study (Tarn Plateau high-Mg basaltic andesite and the Glacier Creek high-Mg 
andesite).  
Basaltic andesite of Tarn Plateau 
 The Tarn Plateau high-Mg basaltic andesite (HMBA) is located on the southern flanks of 
Mount Baker, 5-6 km from Sherman Crater.  This mesa-resembling columnar-jointed outcrop is an 
erosional remnant that reaches a thickness of ~170 m to the east, is roughly 500 m in length, and has 
been glacially carved on its uppermost surface (Hildreth et al., 2003; Moore and DeBari, 2012).  K-Ar 
dating reported by Hildreth et al. (2003) yielded an age of 203 ± 25 ka.  Although the location of its 
vent is unknown, Hildreth et al. (2003) concluded it is likely located north or northeast of the outcrop.  
The phenocryst assemblage includes abundant clinopyroxene, plagioclase, and olivine, with very 
sparse orthopyroxene (Table 1). 
Andesite of Glacier Creek 
Several discontinuous outcrops of the Glacier Creek andesite are present along the 
northwestern slope of Mount Baker in Glacier Creek canyon.  Though the location of the vent is 
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unknown , these outcrops are found up to 8 km from the volcano’s summit and range from 25 to 120 
m in thickness, suggesting this unit once filled the gorge and flowed well beyond its modern range 
(Hildreth et al., 2003).   Hildreth et al. (2003) reported the K-Ar age of the Glacier Creek andesite to 
be 14 ± 9 ka.  Samples contain phenocrysts of plagioclase, clinopyroxene, and orthopyroxene with 
olivine that commonly shows disequilibrium textures (Table 1). 
Moore and DeBari (2012) and Baggerman and DeBari (2011) advocated a role for garnet in 
the source of the Tarn Plateau and Glacier Creek flow units based on whole rock geochemistry, but 
were not able to determine whether the garnet signature was a result of a flux (fluid or melt) derived 
from the subducting slab or melt from a garnet-bearing peridotite source.  They also used whole rock 
major and trace element modeling to suggest that the Glacier Creek andesite is a fractionated magma 
of the Tarn Plateau basaltic andesite.  These preliminary whole-rock studies by Moore and DeBari 
(2012) and Baggerman and DeBari (2011), in addition to Hildreth et al. (2003), provided a spatial, 
temporal, and geochemical basis for this project. 
Glacier Peak 
Glacier Peak (3,213 m) is a dominantly dacitic stratovolcano that sits roughly 100 km 
southeast of Mount Baker, and is approximately 400 km east of the subduction trench (Figure 3) 
(Hildreth et al., 2003; Hildreth, 2007; Beget, 1982).  Continental crust thickness beneath Glacier 
Peak, similarly to Mount Baker, is estimated to be roughly 40 km and consists of accreted oceanic 
terranes and post-accretionary Cretaceous plutons (Mooney and Weaver, 1989; Ramachandran et al., 
2006; Tabor and Crowder, 1969).  Most studies involving Glacier Peak focus on its eruptive history 
based on identification and dating of the volcano’s tephra deposits, which extend as far as Alberta to 
the north and Wyoming to the southeast (Beget, 1982; Kuehn et al., 2009).  These studies concluded 
that Glacier Peak eruptions are sometimes Plinian in style, that volcanic activity began in the 
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Pleistocene (<700 ka), and that its most recent eruption took place within the last 300–400 years 
(Beget, 1982; Gardner et al., 1998; Tabor and Crowder, 1969; Kuehn et al., 2009).  
Unlike Mount Baker, there is very little known about Glacier Peak geochemistry and 
petrology.  One study by Shaw (2011) determined pre-eruptive volatile contents and mantle source 
characteristics in primitive Glacier Peak magmas through examination of olivine-hosted melt 
inclusions.  Another study by Taylor (2001) and continued by DeBari et al. (in prep.) describes the 
influence of crustal processes on Glacier Peak magmas by examining Pleistocene-aged primitive 
lavas.  However, no study has focused on the origin of Glacier Peak’s high-Mg andesites. 
Basaltic andesite of Lightning Creek 
The Lightning Creek basaltic andesite is located roughly 10 km southeast of Glacier Peak’s 
summit.  It is a columnar-jointed lava flow with a steep, south-facing front.  Though vent location is 
unknown, Tabor and Crowder (1969) determined that the lava flowed down Lightning Creek, which 
evidently eroded the unit into two small remnants that together are no more than 500 m in length.  
Column width is less than 1 m, with two distinct angular orientations, visually separating the flow 
into lower and upper segments.  The lower 20-30 m portion of the flow features vertical columns, 
whereas the upper 20-30 m cap-like segment features highly variable non-vertical columns.  As 
suggested by Taylor (2001), the dissimilarity between the two segments could be a consequence of 
ice-marginal cooling or intraflow fracturing, and may indicates that glacier extent reached as far south 
as the White River during flow emplacement.  While the Lightning Creek unit has been interpreted to 
be Pleistocene in age, the precise age remains unknown (Taylor, 2001).  This flow unit contains 
phenocrysts of plagioclase, clinopyroxene, olivine, and orthopyroxene (Table 1).    
DeBari et al. (in prep.), similarly to the aforementioned geochemical studies at Mount Baker, 
propose that Glacier Peak’s Lightning Creek basaltic andesite is also derived from a garnet-bearing 
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source.  They also illustrate the similarities between this flow unit and other high-Mg Cascade arc 
magmas.  However, the authors focused on crustal differentiation and not mantle-slab interaction.  So, 
while they were able to demonstrate the derivation of other Glacier Peak high-Mg andesites through 
mixing of Lightning Creek HMBA and Glacier Peak dacite, they did not investigate the mantle origin 




Sample Selection and Petrography 
A total of 11 samples, out of 21 previously analyzed for whole rock composition (Baggerman 
and DeBari, 2011; Moore and DeBari, 2012; Taylor, 2001), have been selected for this study based 
on their whole rock SiO2 wt.% and Mg#.  Transmitted light microscopy, and Western Washington 
University’s Vega TS 5136MM scanning electron microscope (SEM), were used to identify textures, 
disequilibrium features, and zoning patterns in mineral phases from these samples (e.g. see Table 1).  
While standard thin sections (30 µm) were used on the petrographic microscope, 100 µm polished 
thick sections were used on the SEM.  These thick sections were specifically made for laser ablation-
inductively-coupled plasma-mass spectrometry (LA-ICP-MS) analysis to provide sufficient material 
for ablation.   
High resolution back-scatter electron (BSE) images of selected phenocrysts were taken using 
SEM.  Preliminary investigation of chemical variation within mineral zoning was completed through 
energy dispersive X-ray analysis (EDX), and provided sufficient screening of phenocrysts for electron 
microprobe and LA-ICP-MS analyses.  High voltage (HV) was set at 15.0 kV for all samples, and 
emission current ranged from 50-55 µA.   
Mineral Major and Minor Element Concentrations 
Electron microprobe (EMP) analyses were completed at the University of Washington (UW) 
using a JEOL 733 Superprobe EMP with an assembly of four wavelength dispersive spectrometers 
(WDS) and one energy dispersive spectrometer (EDS) with SEM capabilities.  Compositions were 
determined for olivine, clinopyroxene, plagioclase, Cr-spinels, and Fe-Ti oxides (Tables 2–5).  
Standards used for calibration include an array of natural and synthetic minerals and glasses.  A 15 
kV accelerating voltage was used for all minerals.  Beam conditions for plagioclase include a 10 nA 
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current and 3 µm diameter. For olivine, pyroxene, and oxides, a 15 nA beam current was used with a 
diameter set to <1 µm.  Element peak counts ranged from 20–40 s, or when a statistical error of 0.4% 
was obtained.  Due to the importance of Ni in this study, element peak counts for Ni were 40 s.  
Analytical error is < 3% for major elements and < 17% for minor elements.  The CITZAF correction 
method of Armstrong (1988a, 1988b) was applied to the data.  
Qualitative EDX analyses of additional Lightning Creek clinopyroxene and olivine were also 
done (Appendix A).  For EDX data to be compared to EMP data, EMP analyses were used as 
calibration standards.  This was done by reanalyzing EMP spot analyses using EDX and calculating 
the percent difference between the two analyses.  The differences were averaged and used to correct 
EDX data.  This was done for every thick section to ensure that EDX condition were unchanged.   
Mineral Trace Element Concentrations 
Trace element concentrations in clinopyroxene were obtained using an Agilent 7500C 
Quadrupole ICP-MS equipped with a NewWave UP213nm laser, at Western Washington University.  
Clinopyroxene grains ranged from 0.5 to 2.0 mm in length and ablation spots ranged from 40 to 55 
µm in diameter, though the majority of spots were set at 55 µm and only a few rim analyses were set 
at 40 µm.  All analyses were done with a laser set at a repetition rate of 10Hz and fluence of 
approximately 15 J/cm3.  He was used as the carrier gas to transport ablated material.  The He carrier 
gas then mixed with Ar prior to interacting with the ICP-MS torch.  Ablation sites were chosen using 
transmitted light microscopy to avoid accidental analysis of inclusions, and BSE imaging and EDX 
analyses to analyze specific growth zones.  NIST 610 glass was used as the standard, with known 
element concentrations from Jochum et al. (2011).  Data reduction was completed through SILLS 
(Guillong et al., 2008), using equations from Longerich et al. (1996).  Analyzed trace elements, and 
their respective averaged detection limits, include 88Sr (0.035 ppm), 139La (0.025 ppm), 140Ce (0.027 
ppm), 141Pr (0.022 ppm), 146Nd (0.128  ppm), 147Sm (0.150 ppm), 153Eu (0.041 ppm), 157Gd (0.138 
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ppm), 159Tb (0.022 ppm), 163Dy (0.091 ppm), 165Ho (0.024 ppm), 166Er (0.067 ppm), 169Tm (0.022 
ppm), 172Yb (0.105 ppm), 175Lu (0.022 ppm).  Additional elements, such as P, Zr, Sn, Pb, and U were 
also analyzed to monitor accidental analysis of inclusions within minerals.   
Whole Rock Analyses 
Three new samples were analyzed for major and trace element chemistry (Table 6).  These 
samples represent three distinct mingled magmas observed in a single Lightning Creek sample 
(Figure 4).  Major element oxides and various trace elements concentrations were determined by X-
ray fluorescence (XRF) analyses at Washington State University’s (WSU) GeoAnalytical Laboratory 
using a ThermoARL Advant’XP + sequential XRF spectrometer.  Additional trace element 
concentrations were determined using an Agilent 7700 ICP-MS.  XRF and ICP-MS sample 
preparation consisted of powdering the samples and producing Li-tetraborate fused glass beads, in 
accordance with Johnson et al., (1999) and Knaack et al. (1994).  For a detailed description of sample 





PETROGRAPHY AND MINERAL MAJOR AND MINOR ELEMENT CHEMISTRY 
Rationale 
Phenocryst mineral textures and chemistry provide vital insight into magma petrogenesis, 
particularly regarding open system mechanisms (e.g. magma mixing, crustal assimilation), which 
frequently impact the geochemistry, temperature, and ƒO2 of subduction zone magmas once they 
enter the crust.  Petrography and mineral geochemistry were therefore used to discriminate between 
phenocryst populations and speculate on their sources.  The acquired mineral data were also used to 
help determine if any of the five formerly listed hypotheses could be applied to north Cascades HMA.  
These hypotheses are resummarized below, each followed by petrological and geochemical evidence 
that will be used to test it.   
In hypothesis 1, the HMA are mixing products between clinopyroxene-bearing, mantle-
derived basalts and Mg-enriched slab melts (Yogodzinski and Kelemen, 1998, 2007).  If this is true 
for the HMA in this study, clinopyroxene should exhibit reverse zoning, with Mg and Sr enrichment 
in the rims, and different REE patterns in the cores (flat) and rims (steep).  In hypothesis 2, the HMA 
are mixing products of pyroxenized mantle melts and peridotite mantle melts (Straub et al., 2008, 
2011).  In this case olivine cores are expected to be very Ni-enriched, and show correlation between 
Fo and Ni contents.  For hypothesis 3, HMA result from a fluid-rich slab component that hydrated 
and induced melting in the depleted mantle wedge (Borg et al., 1997; Grove et al., 2002, 2005), 
leading to high H2O and Sr contents in primitive magmas.  This should be reflected by high 
plagioclase phenocryst An contents in those magmas (e.g. Sisson and Grove, 1993), as well as whole 
rock Sr enrichment and Cr-rich spinels (Borg et al., 1997; Clynne and Borg, 1997).  Hypothesis 4 
suggests that HMA originated from fractionation of mantle-derived basalts that contain garnet and 
amphibole (Macpherson et al., 2006), thus textural evidence  for the presence of those minerals 
should be apparent.  In hypothesis 5, the HMA are mixing products of mantle-derived basalt and 
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crustal dacitic melts (Streck et al., 2007).  In this case, dacitic and basaltic mineral populations would 
be present, each showing zonation patterns that reflect the geochemical composition of the other 
mixed component (i.e. basaltic cores with dacitic rims and dacitic cores with basaltic rims).  
Overview of Mineral Chemistry 
A petrographic summary of the three HMA flow units is presented in Table 1.  All three 
HMA flow units are porphyritic with 20–35% phenocrysts.  Phenocryst assemblages are 
clinopyroxene and plagioclase dominant, with variable amounts of olivine, depending on the flow 
unit.  Though orthopyroxene is present in all three flow units, the Glacier Creek unit and a 
phenocryst-rich inclusion within the Lightning Creek unit are the only components that contain 
substantial amounts (> 10%) of orthopyroxene.  While all Tarn Plateau samples exhibit the same 
mineral chemistry and textures, some intersample differences in mineral chemistry exist within the 
Glacier Creek unit.  The Lightning Creek flow unit exhibits mixing between three magma types, with 
variable amounts of mixing depending on the sample.  Cumulophyric clots are present in all three 
flow units, and are made up of the same crystal populations and crystal sizes as the phenocrysts.  
These clots are dominantly plagioclase and clinopyroxene, though some clots also contain 
orthopyroxene.  Any olivine-bearing clots typically lack plagioclase, but clots that do contain both 
olivine and plagioclase generally have less forsteritic olivine.  Similar clots have been identified and 
described in previous north Cascade lavas, and have been interpreted to be small cumulate 
components (e.g. Hildreth et al., 2003; Baggerman and DeBari, 2011; Green, 1988; Taylor, 2001).   
While the whole rock compositions and mineral assemblages of the three HMA flow units are 
generally similar, the mineral chemistry is more distinctive, and often varies even within each flow 
unit.  Table 1 summarizes these complex compositional variations, and Tables 2–4 and Figures 6–8 
provide more detail.  Olivine Fo and Ni contents are presented in Table 2 and Figure 6, clinopyroxene 
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Mg#s are presented in Table 3 and Figure 7, and plagioclase An % and Sr abundances are presented 
in Table 4 and Figure 8. 
Of the three flow units, Lightning Creek contains the most forsteritic olivine (core Fo86-90), 
though all three flow units contain normally zoned olivine (core Fo78-85 in Tarn Plateau and core Fo72-
86 in Glacier Creek) with varying thicknesses of orthopyroxene reaction rims (Figure 5 part c, h, and 
m).  These reaction rims are most prominent in the Glacier Creek flow unit.  In equilibrium systems, 
these reaction rims imply peritectic crystallization, which is indicative of low pressure conditions.  
However, in disequilibrium systems, these orthopyroxene reaction rims likely signify re-equilibration 
of olivine in more felsic melts.  Because Lightning Creek and Glacier Creek olivine is too Fo-rich to 
be in equilibrium with their host, and Tarn Plateau olivines are too Fo-poor to be in equilibrium with 
their host (Figure 6c), these reaction rims are interpreted to be disequilibrium textures. 
Clinopyroxene core Mg#s vary within each flow unit and provide information about 
clinopyroxene sources and mixing histories. Clinopyroxene from the Glacier Creek unit is the most 
uniform in core compositions (Mg# 71–74) and plots on the lower Mg# end of the spectrum (Figure 
7).  Tarn Plateau clinopyroxene Mg#s (83–90) are generally highest overall (Figure 7), though some 
crystals within this flow unit have the lowest analyzed core Mg# (70–75), suggesting multiple 
phenocryst populations.  Figure 7b also provides some insight regarding phenocryst populations by 
comparing clinopyroxene and orthopyroxene core Mg#s.  Importantly, disequilibrium is evident in 
Figure 7c which shows that, with the exception of the highest-Mg clinopyroxene, Tarn Plateau 
clinopyroxene cores are not in equilibrium with their host rock.  Clinopyroxene from the Lightning 
Creek unit shows a split in core Mg# values between high Mg# (73–76) and low Mg# (81–86), also 
suggesting multiple phenocryst populations.  In all three HMA, clinopyroxene rim Mg#s are typically 
high, which suggests final equilibrations in a high-Mg melt.  Another useful element is Cr, which, if 
present in high concentrations (e.g. abundant Cr-spinel or high Cr contents in clinopyroxene), 
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suggests a primitive mafic source (Clynne, 1999).  Cr abundances are frequently high in 
clinopyroxene from both the Tarn Plateau (up to 7100 ppm) and Lightning Creek (up to 6380 ppm) 
flow units, whereas Glacier Creek Cr contents  are generally much lower (up to 3030 ppm; Figure 
7d).  The highest Cr contents are often found in rims of clinopyroxene from each flow unit, which 
implies final equilibration with a high-Cr melt.  In all three flow units, clinopyroxene Cr contents 
show a positive correlation with Mg# (Figure 7d). 
Plagioclase An contents are notably higher and show the least variation in the Tarn Plateau 
unit (76–81), and are low to moderate in the Glacier Creek unit (43–66).  In these two flow units, an 
equal amount of normal and reverse zoning is observed (Figure 8).  Lightning Creek plagioclase, 
however, is quite diverse and has both the highest (89) and lowest (39) core An values among the 
three flow units.  Generally, this plagioclase shows an increase in An contents in the rims (Figure 8a).  
Sr contents of Lightning Creek plagioclase crystals are also commonly higher in their respective rims 
(Figure 8b).  
Cr-spinel is present in all three flow units as inclusions in olivine, although it is less common 
in the Tarn Plateau and Glacier Creek units than the Lightning Creek unit.  Cr-spinel Cr# (molar 
Cr/(Cr+Al)) is highest in the Glacier Creek Cr-spinel (55–75), and is slightly lower in Cr-spinel from 
the Tarn Plateau (47–66) and Lightning Creek (48–65) flow units.  Mg# of Cr-spinel is highest in 
Lightning Creek Cr-spinel (35–55), and lower in the Tarn Plateau (18–38) and Glacier Creek Cr-
spinel (12–36).   
Fe-Ti oxides are abundant in the three flow units.  While ilmenite and magnetite pairs are 
present in both the Tarn Plateau and Glacier Creek flow units, only magnetite with slightly elevated 




Mineral Chemistry and Textural Relationships 
Tarn Plateau 
Tarn Plateau basaltic andesite contains 30–35% phenocrysts in hypocrystalline groundmass.  
Clinopyroxene is the dominant mineral phase, comprising 40–65% of the phenocryst population.  
Crystals are euhedral to subhedral, ranging from 0.25 to 3.0 mm in diameter, and most lack reaction 
rims.  Plagioclase, which constitutes 25–45% of all phenocrysts, has two distinct textural populations 
(described below), both of which range in size from 0.5 to 4.0 mm and exhibit a complex array of 
shapes, zoning, sieving, and inclusions.  Euhedral to anhedral embayed olivine, with thin 
orthopyroxene reaction rims, makes up 10–20 % of phenocrysts and does not exceed 2.0 mm in size.  
Subhedral orthopyroxene (< 3%), though sparse, is also present in this flow.  Orthopyroxene crystals 
range from 0.5 to 1.0 mm in size and tend to be more blocky than prismatic.  The groundmass 
consists of glass, abundant Fe-Ti oxides, microlitic plagioclase, pyroxene granules, and iddingsite.  
Phenocryst populations are discussed in greater detail below.  
Clinopyroxene cores have an anomalously wide spread of Mg# (70–90; Table 3 and Figure 
7), including both the highest and lowest values of the three flow units.  These values can be divided 
into three groups: high (Mg# 86–89), mid-high (Mg# 83–85), and low (Mg# 70–75).  Clinopyroxene 
crystals in the high Mg# group exhibit normal, sector and patchy zoning, and polysynthetic twinning 
(Figure 5b).  The mid-high Mg# clinopyroxene is also twinned, and is both normally and reversely 
zoned.  The low Mg# clinopyroxene group, though also twinned, is texturally distinguishable by its 
Fe-rich cores (visibly darker in plane polarized light), reverse zoning, and some embayed rims 
(Figure 5a).  Orthopyroxene is uncommon in this flow unit.  Some orthopyroxene crystals have 
moderate clinopyroxene reaction rims or jackets, though the majority of crystals are weakly reacted.  
Orthopyroxene Mg# values range from 68 to 69 (Moore and DeBari, 2012).   
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Petrographically, the plagioclase of Tarn Plateau can be separated into two distinct 
populations, finely sieved and coarsely sieved.  The coarsely sieved phenocrysts tend to be larger in 
size and have patchy cores, often with glass and pyroxene inclusions (Figure 5d).  The finely sieved 
plagioclase phenocrysts are more abundant and vary in size (Figure 5e).  They also contain inclusions, 
typically pyroxene, Fe-Ti oxides, and glass, although the inclusions are comparatively smaller in size 
and more abundant than those in the coarsely sieved plagioclase.  In spite of these variations, all 
analyzed plagioclase cores have similar An contents that range from 76 to 87 (Table 4 and Figure 8), 
which is the narrowest range amongst the three flow units.  Additionally, while plagioclase from both 
textural groups frequently has sodic overgrowth rims, An zoning trends from core to rim reveal equal 
amounts of normal and reverse zoning in both groups (Figure 8).  Regardless, the difference between 
core to rim An contents is slight for the majority of analyzed plagioclase.  
Tarn Plateau olivine core Fo contents (78–85) do not correlate with whole rock Mg#, nor are 
they in equilibrium with whole rock Mg# (Table 2 and Figure 6c). Additionally, olivine core Ni 
abundances (800–1600 ppm) are the lowest for a given Fo content relative to the other two HMA 
(Figure 6d).  Unlike the other flow units, Fo and Ni in Tarn Plateau olivine are not correlated (see 
later discussion).  Though the range of core Fo in this olivine is the smallest among the HMA, there is 
a small gap between two compositional clusters (Figure 6, a and c).  One group of cores plots at the 
narrow range of Fo84-85, while the other has a slightly wider and lower range of Fo78-81.  However, 
both compositional groups are found in all samples, and all olivine crystals appear texturally similar 
and exhibit normal zoning (Figure 5c).  Furthermore, Cr-spinels are sparse within all Tarn Plateau 
olivines, and many phenocrysts contain minuscule inclusions that are enriched in Fe, S, and Ni.   
Glacier Creek 
The andesite of Glacier Creek contains 20–25 % phenocrysts in a hypocrystalline 
groundmass.  Plagioclase is most abundant at 50–80 % of the phenocrysts. A bimodal size 
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distribution is seen in the plagioclase, and while there are some large crystals (≤ 3.0 mm), most 
phenocrysts in both populations range from 0.5 to 1.5 mm in size.  Plagioclase phenocrysts are 
euhedral to subhedral in shape and are highly diverse, exhibiting various disequilibrium textures 
including sieving and overgrowth rims.  Clinopyroxene and orthopyroxene both greatly vary in shape 
and comprise 10–23 % and 10-17 % of the phenocryst population, respectively.  Reaction rims in 
clinopyroxene are sporadic, and few orthopyroxene crystals are corroded.  The least abundant phase 
in this flow is olivine, which makes up only 5–10% of phenocrysts.  Olivine crystals are subhedral to 
anhedral in shape, often embayed, and have pyroxene reaction rims, though the rim thicknesses vary 
considerably from sample to sample.  Glass, pyroxene granules, microlitic plagioclase, and Fe-Ti 
oxides makeup the groundmass.  A more detailed description of Glacier Creek phenocryst 
populations and textures is provided below.   
The bimodal size distribution of plagioclase is accompanied by different textures within each 
size group, but there is no apparent correlation between An contents, zoning, or disequilibrium 
textures in both groups of plagioclase.  The most abundant population of plagioclase includes larger 
crystals, the largest of which are commonly composite crystals with varying overgrowth rim 
thicknesses.  These large crystals also tend to be in clots with clinopyroxene, orthopyroxene, and 
some large Fe-Ti oxides.  Plagioclase in this group ranges from unsieved to coarsely-sieved, with 
common glass or blebby pyroxene inclusions (Figure 5i).  The smaller plagioclase is scarcer, finely-
sieved, and has little to no overgrowth rims (Figure 5j).  Plagioclase An contents in both groups range 
from 43 to 66 (Table 4), though core An contents tend to cluster in two groups, An43-45 and An52-57, 
with one outlier at An69 (Figure 8).  Most grains show normal zoning, but reverse zoning is also 
present.  
Clinopyroxene can be separated into two shape-related groups, one of euhedral crystals and 
the other of anhedral crystals.  The euhedral crystals have sharp margins, occasional simple twins, 
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and some composite crystals, while the anhedral crystals have blebby cores (Figure 5f).  In spite of 
these textural variations, clinopyroxene geochemistry is highly uniform (Table 3).  Differences 
between clinopyroxene core Mg#s (71–74) are the smallest seen in the three flow units (Figure 7), 
and imply a single clinopyroxene population.  Additionally, all clinopyroxene is reversely zoned.  
Orthopyroxene shows greater Mg# variability (67–73, Table 3; Baggerman and DeBari, 2011) and 
blebby inclusions (Figure 5g).  Some orthopyroxene crystals are euhedral with well-defined margins 
while others are more battered.  Orthopyroxene can occasionally be found in clots with other phases.  
Glacier Creek olivine cores are Fo72-86, and have the highest Ni concentrations (1700–4100 
ppm) relative to Fo (Table 2).  Olivine Fo contents can be divided into two categories, moderate-high 
Fo and low Fo (Figure 6).  Moderate-high Fo olivine is Fo81-86 and has thin to moderate 
orthopyroxene reaction rims (Figure 5h).  Low Fo olivine has Fo71-77, very thick orthopyroxene 
reaction rims, and is from a single sample that is located further away from the speculated vent 
location (relative to the other selected samples).  Baggerman and DeBari (2011) described a bimodal 
olivine size distribution in Glacier Creek and concluded that there are two olivine populations within 
the flow unit.  One population they describe falls within the moderate-high Fo olivine described 
above.  The other population includes smaller (< 1 mm) olivine with exceptionally low Fo contents (< 
60).  The latter was not successfully identified in the subset of samples used in this study.  
Lightning Creek 
Dominant Magmatic Component 
The Lightning Creek basaltic andesite is the most petrographically and geochemically 
complex of the three flow units, and clearly exhibits mixing between one dominant magmatic 
component, which is a hybrid magma, and two inclusion types.  The dominant magmatic component 
has 20–30 % phenocrysts in a hypocrystalline groundmass.  The most abundant phenocryst phase is 
plagioclase, which makes up 30–60 % of the phenocrysts and occurs as three populations.  One of 
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these populations is frequently sieved and inclusion-rich, and is comprised of euhedral to subhedral 
crystals (0.5–3.0 mm in length).  The second textural population consists of euhedral to subhedral, 
and often elongate, tabular, crystals (0.25–2.0 mm in length) that have clear cores and are sieved 
toward the rims.  The third population is made up of commonly large crystals (up to 4 mm in length) 
that are euhedral to subhedral, unsieved, and frequently occur in clots. Clinopyroxene is also 
abundant and makes up as much as 30 % of phenocrysts.  Clinopyroxene crystals range in size from 
0.3 to 1.5 mm.  Textures in clinopyroxene are separable into three groups, but are unrelated to crystal 
shape (all textural groups contain euhedral to anhedral crystals).  Olivine is also common, constituting 
15–20 % of the phenocryst assemblage.  Olivine crystals are as large as 3.5 mm in diameter and are 
largely euhedral in shape.  The least abundant phase is subhedral to anhedral orthopyroxene, which 
often consists of small (≤ 1.0 mm) crystals, though some larger, elongate crystals are present, and 
comprises 4–7 % of the phenocryst population.  The groundmass of the Lightning Creek dominant 
magmatic component contains Fe-Ti oxides, glass, and plagioclase that varies from large and 
microlitic to medium and blocky.  Lightning Creek dominant magmatic component phenocryst 
populations are all fully discussed below. 
Texturally, plagioclase found in the Lightning Creek dominant magmatic component is 
divisible into three populations.  The more abundant population includes variably sieved phenocrysts, 
some patchy cores, pyroxene and glass inclusions, and overgrowth rims (Figure 5o).  This plagioclase 
exhibits a textural continuum between coarse and fine sieving.  The second population of plagioclase 
contains generally smaller, elongate phenocrysts that have clear cores and are either unsieved or 
sieved toward the rim (Figure 5n).  This plagioclase is commonly found in clots with twinned 
clinopyroxene.  The third population is made up of unsieved, but patchy zoned, plagioclase crystals.  
This plagioclase is frequently found in clots with orthopyroxene and some untwinned clinopyroxene 
(Figure 5s).  Few plagioclase crystals in this population have clear cores, but many crystals have 
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clinopyroxene, Fe-Ti oxides, or apatite inclusions, which are larger in size but significantly less 
abundant than the inclusions observed in the other textural population.  Geochemically, there are two 
groups of plagioclase, high-An (78–89) and low-An (39–52).  The high-An plagioclase has solid 
cores, sieved mid-to-rim sections, ≥50 µm sieved calcic rims, and falls under the first textural group 
described above.  The low-An plagioclase is abundant throughout, and exhibits all formerly described 
textures.  A division of low-An plagioclase, with respect different textures, is included in Table 1.   
There are three textural populations of clinopyroxene in the Lightning Creek flow unit.  Two 
of the populations are very similar in size, have slightly fuzzy rims, some patchy cores, simple and 
polysynthetic twinning, and sector zoning (Figure 5k).  They differ in that one population also 
exhibits oscillatory zoning, while the other has composite crystals and is recurrently in clots with 
plagioclase.  The third textural population of clinopyroxene is often in clots with orthopyroxene and 
also enriched in oxide inclusions.  Crystals show no zoning or twinning, and some have thin reaction 
rims (Figure 5q).  Geochemically there are only two distinct groups of clinopyroxene, one with high-
Mg# cores (81–86) and another with low-Mg# core (73–78; Figure 7).  The high-Mg# group 
corresponds to clinopyroxene described in the first two textural populations, and likely represents a 
single population.  The low-Mg# group correlates with the third textural population of clinopyroxene, 
and was probably mixed in (see Lightning Creek Inclusions below).  Orthopyroxene crystals appear 
to be from two populations (Mg# 65–68 and 76–78, Table 3; Taylor, 2001).  The higher Mg# 
orthopyroxene is commonly spongy, has resorbed rims, glass inclusions, and few to no oxide 
inclusions (Figure 5l)  Lower Mg# orthopyroxene crystals are identifiable by their large and abundant 
oxide inclusions and rare clinopyroxene jackets.  These oxide inclusions, though abundant, are not 
quite as numerous as they are in the low-Mg# clinopyroxene.  While there are stand alone crystals, 
many are found in clots with plagioclase, clinopyroxene, and small, low-Fo olivine (see Lightning 
Creek Inclusions below).  
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The olivine found in the Lightning Creek unit ranges from euhedral to anhedral in shape, is 
commonly embayed, has varying abundances of Cr-spinel, and often has thin orthopyroxene reaction 
rims (Figure 5m).  Phenocrysts are often large in size (up to 3.5 mm).  Ni abundances of analyzed 
olivine cores range from 1800 to 3900 ppm (Figure 6).  Fo contents in Lightning Creek olivine range 
from 86 to 91, indicating equilibrium with the mantle, though rare olivine grains that are more heavily 
embayed have lower Fo.  The overall high Fo contents of this olivine make it the most primitive of 
the three flow units.   
Lightning Creek Inclusions 
Two inclusion types, one mafic and one intermediate phyric, were identified in the Lightning 
Creek unit.  Both inclusions are small (roughly 3 by 5 cm), and while evidence for mixing is observed 
in all samples, they are only present as individual, distinct components in a single hand sample (LC-
6).   
The mafic inclusions contains less than 5–7% phenocrysts of olivine and clinopyroxene.  
Euhedral to subhedral olivine is the most prevalent mode and varies from 0.25–2.0 mm in diameter 
(Figure 5r).  This olivine is geochemically similar (Mg# 89, Table 1) to the olivine found in the 
dominant magmatic component (Figure 6b).  However, it is less embayed, contains more abundant 
Cr-spinel, and generally smaller in size.  Clinopyroxene makes up 15–25% of the phenocryst 
population, is small (≤ 0.5 mm), subhedral, and has ratty rims (Figure 5p).  This clinopyroxene also 
has slightly lower but similar Mg# compared to the high-Mg# clinopyroxene (Mg# 80; Appendix A).  
The groundmass is largely holocrystalline and contains copious amounts of zoned microlitic 
plagioclase, clinopyroxene granules, acicular ilmenite, and some glass.  
The intermediate phyric inclusions are porphyritic with as much as 40–50 % phenocrysts, 
which tend to occur in clots.  Plagioclase is the most abundant phase, making up 70–80 % of the 
phenocrysts.  The plagioclase is euhedral to anhedral, 0.5–3.5 mm in length, highly variable in size 
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and shape, and frequently in clots with clinopyroxene and orthopyroxene (Figure 5s).  This 
plagioclase is texturally indistinguishable from the low-An, patchy plagioclase observed in the 
dominant magmatic component.  Orthopyroxene is significantly more common in this inclusion than 
in the dominant magmatic component, and constitutes 10–15 % of the phenocrysts.  Crystals vary 
from subhedral to anhedral and are also as large as 2.0 mm.  This orthopyroxene has the oxide 
inclusions observed in the low Mg# orthopyroxene found in the dominant magmatic component 
(Figure 5s).  Subhedral to anhedral clinopyroxene is also found in this inclusion, but makes up only 
5–10 % of phenocrysts.  Clinopyroxene crystals are a maximum of 1.0 mm in diameter, and match 
the reversely zoned clinopyroxene in the dominant magmatic component both texturally and 
geochemically (enriched in oxide inclusions, no zoning or twinning, frequently in clots with 
orthopyroxene, Mg# 73–75; Figure 5q).  Olivine is even more sporadic, topping out at 5 % of the 
phenocryst population.  All olivine phenocrysts are anhedral, no more than 0.5 mm in diameter, and 
are almost entirely found in clots with larger orthopyroxene.  Core Fo contents of olivine phenocrysts 
from the intermediate phyric inclusion range from 77 to 82 (Figure 6c; Appendix A).  Olivine crystals 
also have pronounced orthopyroxene reaction rims, and may represents peritectic (low pressure) 
crystallization conditions for the intermediate phyric inclusion.  The groundmass is hypocrystalline 
and contains large amount of glass, acicular to bladed ilmenite, Fe-Ti oxides, and blocky to microlitic 
plagioclase.   
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WHOLE ROCK GEOCHEMISTRY 
Major and Minor Elements 
Whole rock analyses for Tarn Plateau, Glacier Creek, and Lightning Creek flow units were 
reported by Moore and DeBari (2012), Baggerman and DeBari (2011), Taylor (2001), and DeBari et 
al. (in prep.), respectively.  Importantly, Taylor (2001) did not notice the three Lightning Creek 
magmatic components, therefore the author’s whole rock analyses represent an undivided bulk 
geochemistry for the Lightning Creek flow unit.  All previous workers concluded that the three flow 
units are subalkaline and calc-alkaline per Irvine and Baragar (1971), and that all flow units fall in the 
medium-K range of Gill (1981; Figure 9).  These authors also determined that the Tarn Plateau and 
undivided Lightning Creek flow units are basaltic andesite, whereas the Glacier Creek flow unit is 
andesitic.   
Because previously reported Lightning Creek whole rock data do not differentiate between 
the varying magmatic components of the flow unit, new data were acquired for this study and are 
presented in Table 6.  New data include analyses of the two previously discussed Lightning Creek 
inclusions (one mafic inclusion analysis and one intermediate phyric inclusion analysis), as well as a 
dominant magmatic component analysis.  These three samples are also calc-alkaline and fall in the 
medium-K range (Figure 9).  Notably, the Lightning Creek dominant magmatic component and mafic 
inclusion are basaltic andesites, while the Lightning Creek phyric inclusion is andesitic.  A summary 
of previous work, as well as integration of newly acquired data, is presented below.  Due to the high 
geochemical similarity of the Lightning Creek dominant magmatic component to other undivided 
Lightning Creek samples, it is grouped with these samples in the data presentation below.  
Select major elements, represented as oxide wt.%, are shown in Figure 10.  All three flow 
units display typical major element behavior observed in other calc-alkaline lavas, where Al2O3 and 
Na2O increase with SiO2 and MgO and CaO decrease with SiO2 (with the most mafic Tarn Plateau 
26 
 
sample being an exception).  However, when compared to other non-HMA calc-alkaline units from 
their respective volcanic fields, they are higher in CaO and/or MgO contents and lower in Al2O3 and 
Na2O contents.  The clinopyroxene-rich Tarn Plateau flow unit is also distinct from other non-HMA 
units by its higher CaO contents and lower TiO2 and Al2O3 contents (with the exception of one 
relatively Al2O3-rich sample). 
When compared to the other two HMA, the Tarn Plateau unit is the most SiO2-poor (51.8 to 
54.0 wt.%) and generally the most Al2O3- and TiO2-poor, and CaO-rich.  The undivided Lightning 
Creek flow unit is intermediate, with SiO2 contents ranging from 54.8 to 57.9 wt.%.  The two 
inclusions in the Lightning Creek unit have SiO2 contents that correlate with their mineralogy.  The 
olivine- and clinopyroxene-bearing mafic inclusion is more SiO2 poor (54.6 wt. %) than the 
intermediate phyric orthopyroxene- and plagioclase-bearing inclusion (57.3 wt.% SiO2).  The Glacier 
Creek flow unit has the highest SiO2 contents (58.3–58.7 wt.%), with a significantly narrower 
compositional range than the other flow units.   
Of the three HMA, undivided Lightning Creek has the highest Mg# (69–73) with the mafic 
inclusion falling within that range (Mg# 72), and the intermediate phyric inclusion having a much 
lower value (Mg# 61; Figure 10).  The Tarn Plateau flow unit, while more Si-poor than Lightning 
Creek, has slightly lower Mg# (68–70).  The Glacier Creek flow unit has the lowest Mg# values (63–
64), but these values are still higher than typical Cascade calc-alkaline basaltic lavas and on par with 
Mt. Shasta HMA (Figure 10).  The Al2O3 contents range from 15.7 to 17.7 wt.% across the flow units 
and show a generally increasing trend with increasing SiO2.  CaO contents range from 7.1 to 9.8 wt.% 
across the flow units, with the exception of the intermediate phyric Lightning Creek inclusion, which 
has notably lower CaO contents (6.5 wt.%).  All Lightning Creek samples, including both inclusions, 
have higher TiO2 contents (0.94–1.22 wt.%) than the Tarn Plateau and Glacier Creek flow units 




HMA from the Mount Baker Volcanic Field exhibit several differences in trace element 
abundances when compared to non-HMA from the same volcanic field (Figure 11).  The Glacier 
Creek unit has high Ni content, whereas the Tarn Plateau unit has higher Cr content and lower Zr 
content.  Both flow units also have higher Sr and lower Y and Nb abundances than their non-HMA 
counterparts.  Trace element concentrations in the undivided Lightning Creek unit also differ when 
compared to non-HMA from Glacier Creek.  For a given SiO2 content, this undivided flow unit has 
higher Cr, Sr, and Zr contents than its non-HMA counterparts.   
When the HMA are compared to one another, the Glacier Creek unit is the most 
geochemically uniform in term of trace elements (Figure 11).  It also has the highest concentrations of 
Ba and Rb, and the lowest concentration of Cr among the three flow units.  The Tarn Plateau unit is 
also fairly consistent in many trace element concentrations, and has the lowest Y, Zr, Ba, and Nb 
abundances of the three HMA.  This unit also has the lowest Ni content despite being the most SiO2-
poor (Figure 6).  The undivided Lightning Creek unit shows a high diversity in trace element 
concentrations, and has the highest Ni, Sr, Cr, Y, Zr, and Nb abundances.   
Overall, the Lightning Creek mafic inclusion is geochemically similar to other undivided 
Lightning Creek samples and represents the mafic end of a mixing array, whereas the Lightning 
Creek intermediate phyric inclusion is distinct, and probably not a major component (Figure 11).  
Compared to other Lightning Creek samples, the mafic inclusion has the highest Sr and Cr 
concentrations, as well as high Ni content, and low Ba, Rb, and Nb abundances.  The intermediate 
phyric inclusion has the lowest Ni, Sr, and Cr concentrations, in addition to having high Rb and Nb 
contents, and being the most enriched in Zr and Y.  While trace element concentrations of Lightning 
Creek samples tend to plot between the mafic and intermediate phyric inclusions, a clear mixing trend 
between the dominant magmatic component and both inclusion types is not observed.   
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A primitive mantle-normalized diagram (Figure 12, a and c) shows enrichment in large ion 
lithophile elements (LILE: Cs, Rb, Ba, Th, U, K, and Sr) that is characteristic of subduction-related 
magmatism.  Of the three flow units, Tarn Plateau has the lowest concentration of LILE, while 
undivided Lightning Creek and Glacier Creek are comparable with the exception of K.  Negative Nb 
and Ta anomalies, another subduction setting feature, are noted in all flow units.  Other high field 
strength elements (HFSE: Zr, Hf, and Ti) are highest in the undivided Lightning Creek flow unit, and 
generally lowest in the Tarn Plateau flow unit (except Ti).  The Tarn Plateau flow unit is also visibly 
lower in Pb, P, and Nd contents than the other two flow units.   
The mafic and intermediate phyric inclusions of the Lightning Creek flow unit are overall 
similar to other undivided Lightning Creek samples, exceptions being slightly higher Ta, Ka, Pb, and 
Zr in the intermediate phyric inclusion and slightly lower Pb in the mafic inclusion, but not exceeding 
variations seen between the three HMA.  
Chondrite-normalized REE are plotted in Figure 12, parts b and d.  All flow units exhibit 
moderate to steep patterns compared to other calc-alkaline flow units from their respective volcanic 
fields.  Averaged (La/Yb)N for the Tarn Plateau, Glacier Creek, and undivided Lightning Creek flow 
units are ~5.5, ~6.8, and ~8.3, respectively.  The Lightning Creek mafic inclusion has the steepest 
REE ratio, (La/Yb)N = 8.9, of all Lightning Creek samples (Figure 12d).  The steep REE signatures 
are largely due to a depletion in heavy REE (Tb, Dy, Ho, Er, Tm, Yb, and Lu), as characteristic of 
other HMA worldwide (Figure 12b).  The Lightning Creek intermediate phyric inclusion is distinctive 
with slightly lower (La/Yb)N = 6.5.  While this ratio is not as low as the Mount Baker calc-alkaline 
basalt, (La/Yb)N = 3.6, it is slightly lower than or on par with the average Glacier Peak calc-alkaline 




CLINOPYROXENE TRACE ELEMENT CHEMISTRY 
Rationale 
Trace element concentrations of clinopyroxene, attained via LA-ICP-MS, are presented in 
Table 7.  Trace elements in minerals can be combined with mineral major and minor elements to 
further characterize mineral sources, thus their concentrations are important when interpreting 
magmatic sources and magma mixing.  They are especially useful in minerals such as clinopyroxene, 
which crystallize over a broad range of conditions and capture geochemical changes in their host 
liquids during their formation.  The most primitive (Mg-rich) clinopyroxenes yield the information 
about primitive magmas, and hence mantle sources.  Specifically, clinopyroxene REE can be used to 
calculate equilibrium liquid compositions, and these calculated equilibrium liquids can be used to test 
whether the clinopyroxene is from geochemically dissimilar sources than its host lava.  In the case of 
the three HMA, they can also be utilized to determine whether these flow units acquired their steep 
heavy REE signatures (indicative of garnet involvement) before, during, or after clinopyroxene 
crystallization.  This is done using clinopyroxene/liquid partition coefficients, which are 
experimentally determined ratios of trace element concentrations between solid crystals and liquid 
magmas.  If the analyzed clinopyroxene exhibits the same steep REE pattern as its respective HMA, 
then clinopyroxene crystallization occurred after the signature was acquired.   
As discussed in the Petrography and Mineral Chemistry section, the Tarn Plateau contains 
three distinct clinopyroxene populations, the dominant magmatic component of the Lightning Creek 
unit contains one clinopyroxene population, and the Glacier Creek unit contains a single 
clinopyroxene population.  Tarn Plateau clinopyroxene populations include a high-Mg# group (86–
90) and a mid-high-Mg# group (83–85), both of which exhibit sector, patchy, and normal zoning, and 
have abundant composite crystals (Figures 5b and 7).  A third population has low Mg# (70–75) and 
reversely zoned rims (Figures 5a and 7).  All three populations have crystals that are embayed, have 
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blebby to patchy cores, and are twinned.  The single clinopyroxene population found in the Glacier 
Creek unit contains low-Mg# crystals (71–74) that are reversely zoned, twinned, and blebby (Figures 
5f and 7).  The Lightning Creek dominant magmatic component clinopyroxene has mid-high Mg# 
(81–86), is twinned, and exhibits normal zoning (Figures 5k and 7).  Two other clinopyroxene 
populations are also present within Lightning Creek (Figures 5p, 5q, and 7).  One population is 
sourced from the mafic inclusion (small with a ratty texture, abundant Cr-spinel, and slightly lower 
Mg#, Table 1 and Appendix A) and was not analyzed for REE.  The other population is sourced from 
the intermediate phyric inclusion (low Mg#, large oxide inclusions, in clots with orthopyroxene and 
plagioclase, Table 1), and, due to the abundance of large oxide inclusions, was only successfully 
analyzed for mid and rim REE concentrations.  
Rare Earth Element Characteristics 
Clinopyroxene core and rim REE concentrations are shown in Figure 13.  Abundances of 
REE elements in the HMA clinopyroxene correlate to their respective whole rock SiO2 contents.  The 
most SiO2-poor flow unit, Tarn Plateau, has the lowest clinopyroxene REE abundances, whereas the 
most SiO2-rich flow unit, Glacier Creek, has the highest clinopyroxene REE concentrations.  The 
Lightning Creek flow unit, which has intermediate SiO2 contents, also has mid-range clinopyroxene 
REE abundances.  Additionally, the wide range of Mg# seen in the clinopyroxene from these flow 
units corresponds to a wide range in REE abundances, the widest of which is found in the Tarn 
Plateau unit (Figures 16).  Other observations include absent to small Eu depletions in Tarn Plateau 
and Lightning Creek clinopyroxene, but notable Eu depletions in Glacier Creek clinopyroxene.  Eu 
depletions indicate co-crystallization with plagioclase, as Eu is strongly compatible with plagioclase. 
Normalized clinopyroxene Sm/Yb values were determined in order to compare the REE 
patterns in clinopyroxene to their respective flow unit equilibrium clinopyroxene (Figure 14).  
Equilibrium clinopyroxene represents a clinopyroxene composition that is in equilibrium with the 
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whole rock composition, and was calculated using averaged whole rock data and clinopyroxene/liquid 
partition coefficients; (Sm/Yb)equilibrium clinopyroxene = [(Smpartition coefficient/Ybpartition coefficient) * (Sm/Yb)whole 
rock].  Sm/Yb was chosen (versus other ratios such as La/Yb) since light REE are more incompatible 
than middle REE in clinopyroxene, therefore using this middle-to-heavy REE ratio is more 
appropriate for clinopyroxene.  In addition to comparing REE steepness in analyzed clinopyroxene to 
REE steepness in calculated equilibrium clinopyroxene, this ratio can also be correlated with 
phenocryst Mg# to look for equilibration between clinopyroxene and a liquid.  If clinopyroxene 
analyses cluster at a narrow range of Mg# and (Sm/Yb)N, then the clinopyroxene was in equilibrium 
with a liquid of a set composition.  Additionally, if clinopyroxene cores and rims are divisible into 
separate clusters, then clinopyroxene cores equilibrated with a different liquid composition than the 
rim.  Overall, there is a positive correlation between (Sm/Yb)N and Mg# of clinopyroxene, with the 
highest (Sm/Yb)N observed in more primitive (magnesian) clinopyroxene and the lowest (Sm/Yb)N 
seen in more evolved clinopyroxene.   
Tarn Plateau clinopyroxene (Sm/Yb)N values vary drastically, and are both much lower and 
much higher than the equilibrium clinopyroxene (Sm/Yb)N.  There is, however, a positive correlation 
between clinopyroxene Mg# and (Sm/Yb)N, which shows that the more primitive clinopyroxene has a 
steeper REE pattern, and vice versa.  Additionally, many Tarn Plateau clinopyroxene rims cluster at 
an intermediate Mg# and (Sm/Yb)N range.  Glacier Creek clinopyroxene, in contrast, does not exhibit 
a correlation between Mg# and (Sm/Yb)N.  Furthermore, this clinopyroxene also has a narrow range 
of (Sm/Yb)N values, which is the same in both cores and rims, and plots below the equilibrium 
clinopyroxene (Sm/Yb)N (Figure 14b).  In the case of the Lightning Creek unit, (Sm/Yb)N values of 
clinopyroxene from the dominant magmatic component generally fall close to the equilibrium 
clinopyroxene (Sm/Yb)N (Figure 14c).  These values also plot below the equilibrium clinopyroxene 
(Sm/Yb)N of the mafic inclusion and above the equilibrium clinopyroxene (Sm/Yb)N of the 
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intermediate phyric inclusion (Figure 14c).  (Sm/Yb)N values of intermediate phyric clinopyroxene 
generally fall between (Sm/Yb)N of the intermediate phyric inclusion and Lightning Creek dominant 
magmatic component equilibrium clinopyroxene.  While there is no clear correlation between Mg# 
and (Sm/Yb)N in clinopyroxene from the dominant magmatic component, intermediate phyric 
clinopyroxene show a faint positive correlation.   
Equilibrium Liquids 
Equilibrium liquids calculated from clinopyroxene cores represent melt composition during 
initial clinopyroxene crystallization, while rim equilibrium liquids depict melt composition prior to 
eruption.  Thus paired core and rim REE concentrations were used to determine equilibrium liquids 
using partition coefficients (Arth, 1976) for clinopyroxene in basalt to basaltic andesite, and are 
shown in Figure 15.  If clinopyroxene was in equilibrium with its host magma, the REE abundances 
and patterns of the calculated liquids and host rock should be the same.   
Clinopyroxene crystals in Tarn Plateau are more variable in their REE patterns than expected 
for crystals equilibrated with a single parent melt (Figure 15a).  When separated into the three 
previously discussed Mg# groups (low, mid-high, high), some trends can be identified among the 
clinopyroxene.  Calculated liquids of low-Mg# clinopyroxene cores are in equilibrium with a liquid 
that has higher REE abundances than its host rock.  Some of the low-Mg# clinopyroxene has strong 
reversely zoned rims, whose calculated liquids reveal equilibration with the host rock.  In contrast, 
some of the low-Mg# clinopyroxene has weak reversely zoned rims with calculated liquids that have 
higher REE than the host rock, suggesting such crystals did not fully equilibrate with host rock. 
Tarn Plateau clinopyroxene with high-Mg# cores have lower calculated liquid REE 
abundances than the host rock, and typically have the highest (Sm/Yb)N.  Calculated liquids of high-
Mg# clinopyroxene rims vary in their REE abundances, though none suggest equilibrium with the 
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host rock (Figure 15a).  Calculated liquids display either no change in REE abundances between core 
and rim (lower than whole rock), or have rims with higher REE concentrations than the whole rock.  
Core and rim REE abundances of calculated liquids of mid-high-Mg# clinopyroxene are both in 
equilibrium with the host lava.   
Equilibrium liquids calculated from Glacier Creek clinopyroxene cores and rims show no 
variation (Figure 15b), despite the pronounced Mg# increase in clinopyroxene rims (Figures 7 and 
17b).  REE contents are higher in the calculated equilibrium liquids than they are in the host rock.  
Also, this clinopyroxene has lower (Sm/Yb)N than the equilibrium clinopyroxene, and its strong Eu 
depletion in both cores and rims imply co-crystallization with plagioclase throughout the 
crystallization history (Figures 16 and 17b).   
Generally, core, mid, and rim (Sm/Yb)N of clinopyroxene from the Lightning Creek dominant 
magmatic component fall close to the calculated equilibrium clinopyroxene, but there are also  high 
and low (Sm/Yb)N ratios (Figure 14c).  Overall, there is no clear correlation between Lightning Creek 
clinopyroxene Mg# and (Sm/Yb)N;  however, some individual phenocrysts show that there is a 
relationship between clinopyroxene zoning and REE abundances (Figure 15c).  Equilibrium liquids 
calculated from rims of normally zoned clinopyroxene generally have slightly higher REE 
concentrations than equilibrium liquids of their respective cores.  In contrast, equilibrium liquids 
calculated from rims of reversely zoned clinopyroxene have lower or similar REE concentrations to 
equilibrium liquids calculated from their respective cores.  In other words, the calculated equilibrium 
liquids from the most mafic part of the clinopyroxene (whether it be core or rim) has the lowest REE 
abundances.  However, with the exception of one phenocryst whose core calculated liquid is in 
equilibrium with the whole rock (Figure 15c), calculated liquids of clinopyroxene cores, mid sections, 
and rims all show equilibrium with a liquid that has slightly higher REE abundances than the whole 
rock.   
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Clinopyroxene Mg# and REE signatures of equilibrium liquids calculated from these 
clinopyroxenes can also be correlated with Sr contents (Figure 16a).  In the Tarn Plateau flow unit, 
the higher-Mg# clinopyroxene also has the highest Sr contents, indicating the higher (Sm/Yb)N (or 
La/Yb) component is also more enriched in Sr.  In the Glacier Creek flow unit, clinopyroxene rims 
with increased Mg# have comparable or slightly elevated Sr contents relative to their lower Mg# 
cores.  However, the highest Mg# Glacier Creek clinopyroxenes rims show no change in Sr contents.  
In the Lightning Creek flow unit, Sr contents in clinopyroxene, as with (Sm/Yb)N, show little to no 
change, and have no correlation with Mg#.  This indicates that Sr contents were acquired prior to 




DISCUSSION AND INTERPRETATION 
The main purpose of this discussion is to understand how HMA characteristics of north 
Cascades lavas were acquired, whether these characteristics can be attributed to specific magmatic 
components, and whether existing HMA petrogenetic hypotheses may be applied to these flow units.  
Specifically, since the Cascade arc has been described as a “hot” subduction zone (725–850 ± 50 °C 
beneath south Cascades; Walowski et al., 2015) and the generation of slab melt is feasible, evidence 
for or against slab melt involvement was examined.  Pre-eruptive intensive conditions and isotopic 
compositions were also taken into consideration when testing these hypotheses, and are presented 
below prior to discussion of HMA origin(s).  
Crystallization Conditions 
H2O Contents 
Pre-eruptive H2O contents for the three flows have been calculated based on Sisson and 
Grove (1993), where the authors describe the correlation between water contents of subduction-
related magma, and Ca and Na exchange between plagioclase and liquid.  They show that more H2O-
rich magmas produce higher-An plagioclase, and present this relationship as [Ca/Na]plagioclase/ 
[Ca/Na]liquid, and relate to the observed partition coefficients to different water contents.  In this study, 
only unresorbed core portions of plagioclase phenocrysts were used to calculate H2O contents, and 
are shown in Figure 17.  Pre-eruptive H2O contents for the Tarn Plateau flow unit are calculated at ~4 
wt.%, making it the most hydrous of the HMA, and as hydrous as any magmas found in the Cascades 
to date (Walowski et al., 2015).  These contents agree with previous results of Moore and DeBari 
(2012), but are slightly higher than estimated values of 3.7 % from Mullen and McCallum (2014).  
These authors made similar calculations, but used the methods of Lange et al. (2009), which combine 
the most An-rich plagioclase cores from each sample with whole rock geochemistry, pressure, and 
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temperature conditions.  With the exception of one slightly more calcic plagioclase core, Glacier 
Creek plagioclase cluster tightly just below 2 wt.% H2O.   
Previously calculated water contents for the Lightning Creek flow unit by Taylor (2001) are 
~3 wt.% H2O, but the author estimated contents to be closer to 2.2 wt.% H2O due to potential 
accidental inclusion of xenocrystic plagioclase data.  Most analyzed Lightning Creek plagioclase 
from the dominant magmatic component and intermediate phyric inclusion fall well below 2 wt.% 
H2O, with two outliers from the dominant magmatic component that differ greatly (2–4 wt.% H2O) 
and denote significantly more calcic plagioclase.  Due to the lack of consistency between higher-An 
plagioclase, and the likelihood of plagioclase disequilibrium as a result of mixing, pre-eruptive water 
contents calculated using plagioclase are inconclusive for the Lightning Creek flow unit.   
There is a potential issue with calculated pre-eruptive H2O contents.  The calibration requires 
that the crystallizing plagioclase is in equilibrium with the liquid, a case that could be argued against 
in these rocks due to the complexity and lack of correlation observed in plagioclase textures and 
chemistry.  Furthermore, calculations involving plagioclase suggest H2O contents during plagioclase 
crystallization, which may not reflect the H2O content of the primitive magmas.  However, another 
study arrived at similar, albeit slightly lower, H2O contents for north Cascade calcalkaline basalts.  
Using melt inclusions in olivine from Mount Baker and Glacier Peak tephras, Shaw (2011) concluded 
that pre-eruptive H2O contents of Mount Baker (Schreiber Meadow) and Glacier Peak (Indian Pass) 
calcalkaline basalts contain a maximum of ~2.3 wt. % H2O and ~2.2 wt. % H2O, respectively.   
Temperature, Pressure, and Oxygen Fugacity 
Temperature and pressure conditions were previously determined and are summarized in 
Table 8 (Moore and DeBari, 2012; Baggerman and DeBari, 2011; Taylor, 2001).   
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Oxygen fugacity (ƒO2) for the Tarn Plateau and Glacier Creek flow units was determined 
using Fe-Ti oxide pairs of ilmenite and magnetite (Table 5 and Figure 18).  Both the ILMAT 
spreadsheet of Lepage (2003), and QUILF mineral equilibrium condition techniques of Andersen and 
Lindsley (1988) and Andersen et al. (1993), were used.  Oxygen fugacity for the Tarn Plateau and 
Glacier Creek flow units plot near or within 1 log unit of the nickel-nickel oxide (NNO) buffer 
(Figure 18).  Calculations are in agreement with previously estimated conditions by Moore and 
DeBari (2012) and Baggerman and DeBari (2011).  Due to the absence of ilmenite in the Lightning 
Creek dominant magmatic component, Fe-Ti oxide pairing was not feasible, and therefore fugacity 
conditions remain unknown.  However, olivine Fo and pyroxene Mg# suggest a range that is typical 
for arc basalts.  
Isotopes 
Sr, Nd, and Pb isotopic compositions of the Tarn Plateau and Lightning Creek flow units 
have been analyzed (DeBari et al., in prep.; Moore and DeBari, 2012; Mullen and McCallum, 2014) 
and are among the most isotopically depleted Cascade calcalkaline magmas (Figure 19).  They are 
comparable to the isotopic compositions of non-HMA from their respective volcanic fields.  
Importantly, isotopic compositions do not indicate any substantial slab melt or upper crust 
involvement.  Specifically, despite being depleted, isotopic compositions of these HMA are not 
nearly as depleted as most Juan de Fuca mid ocean ridge basalt (MORB) isotopic compositions 
(Figure 19b; White et al., 1987).  They are also not as isotopically enriched as Cascadia sediment 
(Figure 19b; Plank and Langmuir, 1998).  Additionally, the undivided Lightning Creek flow unit 
shows isotopic enrichment to be directly correlated with SiO2 contents.  DeBari et al. (in prep) 




Assessment of Magmatic Components and Origin of HMA Characteristics 
Correlations between mineral textures and their geochemical characteristics within individual 
samples provided a basis for mineral groupings, and allowed for identification of varying magmatic 
inputs that produced the flow units.  These data yielded cogent evidence for complex mixing histories 
and different origins for the observed REE patterns.  However, not all phenocryst textures were 
successfully correlated with mineral geochemistry.  Specifically, plagioclase proved the most difficult 
in assessing distinct populations and their origin.  Certain populations described below may be 
derived from several parent liquids that equilibrated or semi-equilibrated over long periods of time, 
and therefore their origin history is unclear.  Despite this, plagioclase textures and geochemistry were 
useful in some situations to determine conditions and events prior to eruption.   
Tarn Plateau 
Whole rock geochemistry of this flow unit suggests a depleted source or clinopyroxene 
accumulation (high CaO and low TiO2 and Al2O3 contents), as well as olivine fractionation (lowest 
Ni contents despite being the more SiO2-poor).  Tarn Plateau petrography and mineral chemistry 
yielded distinct mineral populations, including three clinopyroxene populations (low Mg#, 70–75, 
mid-high Mg#, 83–85, and high Mg#, 86–89; Figure 7), one orthopyroxene population (Mg# 68–69; 
Figure 7), one plagioclase population (An 76–87; Figure 8), and one olivine population (Fo 78–85; 
Figure 6).   
Correlations between trace elements and Mg# in Tarn Plateau clinopyroxene, and equilibrium 
liquids calculated from clinopyroxene trace elements, provided important information regarding the 
magmatic sources of these mineral populations. Since the steepest La/Yb ratios are observed in the 
highest-Mg# clinopyroxene (Figure 15a), that steepness is a characteristic of the most primitive, 
mantle derived component.  Moreover, because this signature is observed in cores of the highest-Mg# 
clinopyroxene, it was acquired before clinopyroxene crystallization.  Therefore the high Mg# 
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clinopyroxene is from a liquid with high La/Yb.  High REE abundances of equilibrium liquids 
calculated from the low Mg# population, lower La/Yb ratios, and Eu depletions that signify co-
crystallzation with plagioclase (Figure 15a), support the hypothesis that this population is from a 
different, more differentiated component with lower La/Yb ratio than the higher Mg component.  
Since (Sm/Yb)N values and Mg#s of mid-high Mg# clinopyroxene plot between the other two 
clinopyroxene populations (Figure 14a), and because REE abundances of mid-high Mg# 
clinopyroxene equilibrium liquids are in equilibrium with the host lava (Figure 15a), the mid-high 
Mg# clinopyroxene probably crystallized from a near-equilibrium mixing product of the primitive 
and differentiated  liquids. Alternatively, this population could be derived from a third component 
that is not clearly identifiable due to its geochemical properties, which are similar to the hybridized 
product of the high-Mg and low-Mg components.  
In review, mineral populations suggest a minimum of two components produced a well-
homogenized hybrid that is the Tarn Plateau basaltic andesite.  A mafic component sourced the high 
Mg# clinopyroxene, and sector zoning in this clinopyroxene implies high pressure (e.g. 0.5–1 GPa; 
Skulski et al., 1994) crystallization conditions of that component.  The low abundance of Cr-spinel, 
Ni, and Fo in olivine suggest that the early olivine component (high Fo and Ni olivine) was removed.  
Therefore fractionated basalt is interpreted to be the source for the olivine.  The low-Mg# 
clinopyroxene and orthopyroxene (Figure 7b) are also interpreted to be derived from fractionated 
basalt, based on their lower Mg# and clinopyroxene evidence for co-crystallization with plagioclase.  
The mid-high Mg# clinopyroxene likely crystallized from the hybrid magma, or a third component 
that is geochemically similar to the hybridized magma.  
No correlation exists between Tarn Plateau plagioclase core and rim Sr contents or 
plagioclase Sr and whole rock Mg#, and no apparent relationship is discernible between plagioclase 
geochemistry and textures (Figure 8).  While this impedes interpretations regarding the plagioclase 
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host melt, the similarity of high An content in Tarn Plateau plagioclase suggests a single or similar 
origin for the plagioclase.  Additionally, mineral assemblages (lower Mg# pyroxenes and olivine, Eu 
depletion in clinopyroxene) imply the fractionated basalt is more likely the plagioclase source, which 
is also supported by the occasional presence of plagioclase in clots with olivine and clinopyroxene.  
The clinopyroxene inclusions in the coarsely sieved plagioclase denote recrystallization, so it is 
possible the coarse sieving texture in plagioclase is a result of degassing.  The finely sieved texture 
observed in the plagioclase may be a result of mixing with a more mafic component (Humphreys et 
al., 2006), such as the mafic source of the more magnesian clinopyroxene.  
Glacier Creek 
Whole rock geochemistry of the Glacier Creek andesite reveals that this is a well 
homogenized flow unit.  Petrography and mineral geochemistry also show small variation in mineral 
populations.  This flow unit has one plagioclase population (An 43–66; Figure 8), one clinopyroxene 
population (Mg# 71–74; Figure 7), one orthopyroxene population (Mg# 67–73; Figure 7), and one 
olivine population (Fo 72–86; Figure 6).  However, based on high Fo, Cr, and Ni contents (Table 2), 
strong orthopyroxene reaction rims, and the presence of monomineralic olivine crystal clots (Figure 
5h), the olivine population in the Glacier Creek unit is understood to be xenocrystic.  This 
interpretations is consistent with the olivine accumulation suggested by Baggerman and DeBari 
(2011).  The authors calculated Mg# of liquids that are in equilibrium with low-Mg# phenocrysts.  
Then they used olivine subtraction calculations to obtain geochemical equilibrium between 
recalculated Glacier Creek whole rock Mg# and low Mg# phenocryst phases.  This equilibrium was 
attained by removing 4% of the xenocrystic olivine, which is in agreement with petrographical 
observations (Table 1). 
The presence of xenocrystic olivine in the Glacier Creek unit reveals that this flow unit is 
comprised of at least two magmatic components, one dominant (host magma) and one more mafic 
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(olivine source).  The dominance of plagioclase phenocrysts, high abundances of reversely-zoned, 
low-Mg# clinopyroxene and elongate orthopyroxene crystals, the presence of pyroxenes in clots, as 
well as the extensive orthopyroxene reaction rims observed on xenocrystic olivine, all suggest the 
dominant Glacier Creek magmatic component was intermediate (andesitic to dacitic).  
Since the low Mg# clinopyroxene are interpreted to be derived from a more felsic source, 
another set of clinopyroxene equilibrium liquid calculations were done using partition coefficients for 
clinopyroxene in a dacitic melt (Bacon and Druitt, 1988).  In this scenario the calculated liquids are 
similar to the Glacier Creek host rock (Figure 20), and clinopyroxene (Sm/Yb)N is closer to 
equilibrium clinopyroxene (Sm/Yb)N (Figure 14b).  Importantly, since the REE signature of the 
equilibrium liquids and (Sm/Yb)N values do not change much from core to rim, despite significant 
change in Mg#, the steep REE pattern of Glacier Peak magmas must have been acquired prior to any 
clinopyroxene crystallization and prior to mixing with the primitive component (olivine source).  This 
indicates that the Glacier Peak flow unit is derived from only one liquid source with a characteristic 
REE pattern.  This data provides strong evidence that (1) the clinopyroxene source liquid, which is 
the dominant magmatic component of this flow unit, is indeed intermediate; (2) that the high Mg# 
mafic component is something that would not significantly impact REE concentrations, such as 
olivine, which further supports Baggerman and DeBari's (2011) olivine accumulation hypothesis.   
The origin of plagioclase in the Glacier Creek is the most ambiguous of the three flow units.  
This is due to the large variety of plagioclase textures, including cores that range from unsieved to 
coarsely sieved, lack or presence of inclusions and variability in inclusion type (pyroxene versus 
glass), inconsistent overgrowth rim thicknesses, and no discernible relationship between plagioclase 
geochemistry and textures.  Based on these observations, the plagioclase in Glacier Creek was 
probably derived from numerous sources, and formed over an extended period of time, allowing for 
some re-equilibration.  This denotes a complex history for the felsic component that, due to re-
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equilibration of mineral phases, is indecipherable.  However, like with the Tarn Plateau unit, the 
finely sieved plagioclase did not re-equilibrate with the liquid and supports the addition of a more 
mafic component.   
Lightning Creek 
As previously discussed, the Lightning Creek unit has at least the three observed components 
that are distinct from one another (Figure 4).  Two of these components are geochemically similar 
(dominant magmatic component and mafic inclusion), while one component is distinct (intermediate 
phyric inclusion; Figure 10 and 11).  Moreover, each component has its own olivine and 
clinopyroxene phenocryst populations that are identifiable in all Lightning Creek samples, and 
suggest extensive mixing (Figure 5 parts k–s).  Association of mineral populations with magmatic 
components from Lightning Creek is based on petrographic observations.  Specifically, only the 
small, high Mg# (89, Figure 6b) olivine population and small, high Mg# (80, Appendix A) 
clinopyroxene population are found in the Lightning Creek mafic inclusion.  Therefore these mineral 
populations are interpreted to be sourced from the mafic inclusion.  Similarly, only the low Mg# (77–
82, Appendix A) olivine population, low Mg# (73–76) clinopyroxene population, low Mg# (65–68; 
Taylor, 2001) orthopyroxene population, and low An (47–52) plagioclase population are found in the 
felsic inclusion.  Thus they are understood to originate from the intermediate phyric inclusion.  
Mineral populations that are only found in the Lightning Creek dominant magmatic component, and 
hence are inferred to be equilibrium phenocrysts to this component, include the large, high Mg# (86–
91, Figure 6) olivine population, large, high Mg# (81–86, Figure 7) clinopyroxene population, high 
Mg# (76–78, Figure 7b; Taylor, 2001) orthopyroxene, and two texturally similar plagioclase 
populations (An 39–47, An 78–89).   
Despite association with a specific component, the origin of plagioclase in the dominant 
magmatic component remains vague.  The thin, calcic rims of the high An plagioclase could be a 
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result of the extensive mixing with the mafic inclusion magma.  Alternatively, this plagioclase could 
be from an additional source that is not clearly represented.  The origin of other low-An plagioclase 
that texturally resembles the high-An plagioclase is unclear.  This plagioclase could be a 
recrystallized sub-population of the high-An population.  And, like with the high-An plagioclase, this 
population could be from another source that has not been identified.  
Because Cr-spinel is only present as oxide inclusions within the large and small high-Mg# 
olivine, it implies a limited high temperature crystallization period for olivine from the dominant 
magmatic component and mafic inclusion (Clynne and Borg, 1997).  Furthermore, calculated 
equilibrium liquids from the dominant magmatic component clinopyroxene reveal equilibrium with a 
liquid that has REE abundances that are a little higher than the Lightning Creek undivided whole rock 
REE.  Therefore these whole rock REE abundances may not accurately represent the geochemistry of 
the Lightning Creek dominant magmatic component, probably due to extensive mixing before 
eruption.  Nonetheless, clinopyroxene cores from the dominant magmatic component have a steep 
REE pattern, indicating the high La/Yb signature of this component was acquired prior to 
clinopyroxene crystallization.   
Acquisition of Steep Rare Earth Element Signature 
Because (1) the high La/Yb signature is associated with the higher-Mg# clinopyroxene in 
Tarn Plateau and is present in clinopyroxene cores; and (2) Glacier Creek and Lightning Creek 
clinopyroxene equilibrium liquids display no change in REE steepness between cores and rims, the 
steep REE pattern is interpreted to have been originated by processes occurring prior to any 
fractionation of clinopyroxene.  Since clinopyroxene is an early crystallization phase, it is probable 
these steep REE signatures were acquired from sub-Moho processes.  This is especially likely in the 
case of the Tarn Plateau and Lightning Creek HMA, whose more Mg-poor and SiO2-rich endmember 
(and therefore potentially crustal) is not the source for high Sm/Yb nor high Sr contents. 
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Summary of Hypotheses for High-Mg Andesites Origin 
Numerous localities of HMA with steep REE patterns have been identified and studied, 
including the Mexican Volcanic Belt (MVB) (Gomez-Tuena et al., 2006; Straub et al., 2008, 2011, 
2013), Lassen Volcanic Center (Borg et al., 1997; Clynne and Borg, 1997; Clynne, 1993), Mount 
Shasta (Grove et al., 2002; Streck et al., 2007), eastern Mindanao (Macpherson et al., 2006), and the 
Aleutians (Yogodzinski and Kelemen, 1998, 2007).  Proposals for their origin vary and provide 
numerous testable hypotheses, all of which call on mantle interaction, or mantle derived melts, as the 
drivers for high Mg.  The hypotheses also include an important role for involvement of garnet (crystal 
fractionation or partial melting) as the driver for high La/Yb ratios.  The debate centers on where the 
garnet resides (subducting plate? mantle? thick lower crust?).  Most hypotheses claim a slab 
component is the source for the steep REE pattern, though the makeup of that component varies from 
slab melt (Straub et al., 2008, 2011; Yogodzinski and Kelemen, 1998; Yogodzinski et al., 2001; 
Yogodzinski and Kelemen, 2007) to slab fluid (e.g. Stern, 2010), with some studies not 
differentiating between the two or calling on both (Borg et al., 1997; Clynne and Borg, 1997; Grove 
et al., 2002, 2005; Mullen and McCallum, 2014).  Others suggest that the high La/Yb can be obtained 
through different processes, such as melting of a garnet-bearing mantle source (e.g. Moore and 
DeBari, 2012), a garnet-bearing crustal source (Streck et al., 2007) or high-pressure fractionation of 
garnet from a mantle-derived melt (Macpherson et al., 2006).  The whole rock geochemistry and 
mineral textures and geochemistry described above were utilized to distinguish between these 
hypotheses for the north Cascades subduction system.  The hypotheses are discussed more fully 




Slab Melts Interacting with the Mantle 
Mixing between Slab Melts and Mantle Melts 
Yogodzinski and Kelemen (1998) used REE abundances and zoning in clinopyroxene 
phenocrysts from Aleutian HMA lavas (adakites) to suggest an origin by mixing between andesitic or 
dacitic melt derived from a garnet-bearing subducting slab, and basaltic melt derived from the 
asthenospheric mantle.  The authors asserted that high Sr and La/Yb slab melts become Mg-rich as 
they rise through, and interact with, the overlying mantle wedge.  At the base of the crust these 
hybridized slab melts mix with mantle-derived, clinopyroxene-bearing basalts that have stalled and 
differentiated.  These basalts are more Mg- and Sr-poor, and have lower La/Yb, than the slab melts.  
Their model was developed based on clinopyroxene that displays positive correlation between Mg# 
and Sr and Nd/Yb (Figure 16).  Nd/Yb is used by these authors in the same way (Sm/Yb)N was used 
herein, to express heavy REE depletion.  The correlation is thought to result from mixing between a 
high-Mg (due to interaction with the mantle), heavy REE depleted endmember (slab melt), and a 
lower-Mg endmember with a more gentle REE pattern (mantle-derived, differentiated basalt).  
Melting of a Slab-Melt Modified Mantle 
 Straub et al. (2008, 2011) suggested that high-Mg basaltic andesites and andesites (with high 
La/Yb) from the central Mexican Volcanic Belt were generated by melting of a modified mantle that 
lies within the garnet stability field.  In their model, a hydrous, silicic slab component (melt and fluid) 
metasomatizes pockets within the peridotitic mantle by reacting with olivine to produce 
orthopyroxene.  This metasomatism converts segments of the mantle into Si-rich and Si-deficient 
pyroxenites.  The Si-contents in these pyroxenites vary depending on the amount of silica that is 
contributed from the slab component, and how much of it reacts with the mantle to during 
metasomatism.  These pyroxenites partially melt to produce high-Mg# basaltic andesite to dacitic 
magmas.  The authors propose that the pyroxenite melts mix together in variable proportions, and 
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subsequently mixing with melts from the unmodified peridotitic mantle, to produce hybrid mantle 
melts from which Mexican Volcanic Belt HMA originate.   
Their main evidence for pyroxenization of the mantle, and a shared origin for Mexican 
Volcanic Belt high-Mg lavas, is high Ni contents in olivine.  Straub and workers explain that high Ni 
contents in HMA olivine originated from the mantle, versus the slab or crust, because (1) the mantle 
is Ni-enriched; (2) Ni is not fluid-mobile (therefore not sourced from the subducting slab); (3) Ni 
abundance are low (generally < 50 ppm) in low-MgO, high-SiO2 partial melts because Ni 
preferentially remains in the solid residue (therefore not sourced from the crust).  Also, Ni is 
considerably more compatible in olivine than pyroxenes, so olivine-rich mantle sources retain more 
Ni than pyroxene-rich mantle sources during partial melting.  Because pyroxenite mantle melts are 
more Ni-rich than peridotite melts, olivine that crystallizes from pyroxenite melts will have higher Ni 
than olivine that crystallizes from peridotite melts (for a given olivine Fo).  Mexican Volcanic Belt 
equilibrium olivine has high Ni contents relative to Fo when compared to equilibrium olivine from 
peridotite partial melts, therefore Straub et al. (2008, 2011) hypothesize that the high Ni HMA olivine 
crystallized from partial melts of a pyroxenized mantle.   
Mantle Melting 
Depleted Mantle Melting via Interaction with Fluid-Rich Slab Components 
Grove et al. (2002, 2005) hypothesize that Mount Shasta primitive magnesian andesites 
(PMA), which are primitive lavas with elevated SiO2 contents and steep REE patterns, are sourced 
from a depleted mantle that melted due to interaction with a fluid-rich slab component.  The authors 
suggest that the high MgO (Figure 10), Ni, and Cr contents (Figure 11) of the PMA imply a mantle 
origin, yet their elevated silica contents, La/Yb (Figure 12b), and H2O contents (as much as 6.5 wt. 
%) indicate the addition of a light REE-enriched silicic slab fluid ± melt.  Grove et al. (2002, 2005) 
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interpret Mount Shasta HMA, which are geochemically similar albeit less primitive than PMA 
(Figures 10–11), to have fractionated from PMA.   
In their model, the primitive mantle melts are derived from a down-dragged harzburgitic 
mantle that had been previously depleted by extraction of melt in the back-arc.  The fluid-rich slab 
component is H2O-rich with variable alkali contents (perhaps supercritical fluids, as per Kessel et al., 
2005), but may contain some small slab melt component from sediment or MORB.  In this scenario, 
the mantle supplies most major elements and some trace elements, including the characteristic high 
MgO, Cr, and Ni contents, and the fluid-rich slab component is the dominant provider of 
incompatible elements (e.g. Sr, light REE; Clynne, 1993).   
Borg et al. (1997) suggested a similar mechanism for primitive lavas from the Lassen region, 
the southernmost portion of the Cascade arc.  The authors propose that a MORB-like mantle 
interacted with slab-derived fluids (H2O ± melt), which resulted in stabilization of a hydrous mineral.  
Solidus conditions of the hydrated mantle were surpassed as the mantle wedge underwent down-
dragging in the forearc region of the subduction zone, producing melts with high primitive mantle-
normalized Sr/P (Figure 23).  This LILE/HFSE ratio assesses the relative amount of fluid contribution 
from a subduction component, as Sr is fluid-mobile and P is fluid-immobile.  Clynne and Borg (1997) 
correlated (Sr/P)N with Cr# of Cr-spinels in primitive lavas, including in HMA-like lavas, which they 
refer to as magnesian andesites.  The authors correlate spinel Cr# with the spinel’s mantle source: 
high Cr# spinel found in high Fo olivine is derived from a depleted mantle source (such as 
harzburgite), whereas low Cr# spinel found in high Fo olivine is derived from a fertile mantle (such 
as lherzolite).  The authors determined that since magnesian andesites from the Lassen region exhibit 
(Sr/P)N > 3.3, and Cr# between 60–90, they are derived from a hydrated harburgitic mantle source.  
Because harzburgites are residual mantle rocks they are depleted in fluid-mobile incompatible 
elements (such as La, Ce, Nd, etc.), therefore partial melting alone cannot account for the high light 
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REE abundances observed in magnesian andesites.  The authors concluded, in agreement with Borg 
et al., (1997), that the hydrating agent is therefore an incompatible element-enriched slab fluid ± melt. 
Moore and DeBari (2012), who looked at mafic lavas from the Mount Baker Volcanic Field,  
also call on mantle melting that was induced through interaction with a hydrous slab component (a 
supercritical fluid or a small degree partial melt).   However, in their hypothesis, the steep REE 
signature is acquired from a garnet-bearing mantle rather than the slab component.  Because not all 
Mount Baker mafic lavas share the steep REE characteristic, only some flow units (those that exhibit 
high La/Yb) require the presence of garnet in their source.  Therefore Moore and DeBari (2012) 
interpret the garnet signature to result from partial melting of the mantle at different depths, and thus 
at different mineral stability fields (e.g. spinel vs. garnet).  They argue that melting of the mantle at 
different depths is more plausible than large variability in the composition of the contributed slab 
component (high La/Yb versus not).  The authors successfully reproduce the steep REE signature in 
their modeling through melting of a lherzolite mantle with a mineral assemblage that contains 2% 
garnet.  Even so, the authors do stress that their modeling cannot differentiate between the potential 
garnet sources (mantle or subducting slab).  
Garnet Fractionation in Basalt 
Another origin of HMA has been proposed by Macpherson et al. (2006), where the authors 
examined major and trace element ratios in adakite-like magmas from the Mindanao island arc in the 
Philippines.  They concluded that the HMA are derived from hydrous basaltic mantle melts that 
underwent high-pressure crystallization (where garnet was stable and fractionated), and became Mg-
rich as they rose through the lithospheric mantle.  In their model, subduction fluid-modified mantle 
undergoes melting to produce H2O-rich basaltic arc magma, which then stalls within the sub-arc 
mantle in the garnet stability field.  There this magma (garnet-bearing basalt) yields adakite-like 
andesitic to dacitic melts via fractional crystallization, or it solidifies and eventually partially remelts 
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to generate the adakitic melts.  The Ni, Cr, and MgO contents of the adakitic melts increase through 
interacting with a peridotite mantle during ascent.  
Crustal Contamination of Mantle Melts  
Using mineral chemistry and textures as evidence, Streck et al. (2007) suggest a slab-melt 
independent model for Mount Shasta HMA, and instead call on crustal-level magma mixing and 
contamination.  In their model, the steep REE pattern and high Sr contents are acquired from a crust-
derived dacitic melt, and the high MgO, Ni, and Cr contents are acquired from mantle-derived basalt 
and ultramafic country rock xenocrysts.  Initially, the dacitic melt interacts with olivine and pyroxene 
xenocrysts from country rocks.  This product then mixes with basaltic magma, resulting in the 
hybridized erupted lava.  The authors highlight the presence of dacitic melt inclusions in cores of low 
Mg# clinopyroxene and orthopyroxene, as well as the presence of well-formed, high-Mg# rims on 
those dacitic crystals.  Low-Mg# (dacitic) rims are also observed on very high-Mg# olivine and 
orthopyroxene, interpreted to be the ultramafic xenocrysts.  Both the dacitic phenocrysts and the 
ultramafic xenocrysts show a second stage of rim growth, with high-Mg# that is not sufficiently high 
to be of the same ultramafic origin.  Streck et al. (2007) interpret the formation of these rims as result 
of mixing with a basaltic magma, the final major stage in the formation of these HMA.        
Petrogenesis of North Cascades High-Mg Andesites 
The following sections discuss the origins of the Mount Baker Volcanic Field and Glacier 
Peak HMBA and HMA in light of the above-described hypotheses. 
Role for Garnet Fractionation  
There is no textural evidence (e.g. remnant garnet phenocrysts) for the presence of 
fractionating garnet in the three north Cascades HMA.  In addition, because even the most primitive 
clinopyroxene indicates crystallization from a parental magma that already had a steep REE pattern, 
no preserved mineral geochemistry provides evidence for early garnet fractionation (i.e., there is no 
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progressive change from flat to steep REE patterns in clinopyroxene phenocrysts that would indicate 
garnet co-crystallization).  If garnet was an early crystallizing phase, that mineral, plus other co-
crystallizing phases, would have to have been completely removed via fractionation, resorption, or 
reaction into other phases.  This scenario is unlikely given the high Mg# of the existing clinopyroxene 
(Mg# 71–89); however, this hypothesis was tested using simple mass-balance fractionation modeling.  
The modeling tests whether these HMA can be produced from a typical Cascades calcalkaline basalt 
through high pressure fractional crystallization of garnet, pyroxene, and amphibole (as hypothesized 
by Macpherson et al., 2006).  Primitive north Cascades calcalkaline basalts were selected as parents 
for modeling.  Specifically, Lake Shannon (50.7 SiO2 wt. %, Mg# 62) was used for Mount Baker 
Volcanic Field HMA (Moore and DeBari, 2012), and Indian Pass (51.5 SiO2 wt. %, Mg# 72) was 
used for Glacier Peak HMA (Taylor, 2001) (Figure 21).  A phenocryst assemblage of clinopyroxene 
(53 %), orthopyroxene (17 %), garnet (14 %), and amphibole (16 %) was chosen in efforts to produce 
models similar to those done by Macpherson et al. (2006).  Coexisting clinopyroxene, orthopyroxene, 
garnet, and amphibole chemical analyses from high pressure (1.2 GPa) basaltic (56.5 SiO2, Mg# 55) 
melt experiments (Müntener et al., 2001) were used in the modeling for two reasons, (1) they 
represent possible products of high pressure crystallization beneath thick arc crust, such as in 
Washington (~40 km; Ramachandran et al., 2006); (2) the same compositions were used by 
Macpherson et al. (2006) to produce HMA from the Mindanao island arc.  Partition coefficients used 
are from Arth (1976), Martin (1987), and  Sen and Dunn (1994) .   
Macpherson et al. (2006) also included allanite in their modeling to account for light REE 
behavior in the more silica-rich (>60 wt. % SiO2) HMA endmembers from the Mindanao island arc.  
However, because the three HMA from the north Cascade arc are not as silica-rich (<60 wt. % SiO2), 
allanite was omitted from the models discussed below.  Models with allanite added to the high 
pressure basalt mineral assemblage are included in Appendix C.  
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Modeling results reveal that major element chemistries of the HMA are not reproducible via 
fractionation of this mineral assemblage using regional primitive calcalkaline basalt compositions as 
parents (Figure 21, parts a and b).  Additionally, when using mineral proportions similar to those used 
by Macpherson et al. (2006), the fractionation of garnet has too significant of an impact on the heavy 
REE to successfully reproduce the observed trends (Figure 21, parts c and d).  Any fractionation 
modeling using different mineral proportion, and specifically smaller percentages of garnet (3–4 %), 
still require high percentages of fractionation (≥40 %) to reproduce similar REE patterns (Appendix 
C).  The high percentage of fractionation is not realistic given the high Mg# of the clinopyroxene 
phenocrysts.  Thus both major and trace elements modeling show that fractionation of a garnet-
bearing basalt alone did not produce the geochemical trends observed in these HMA.  Therefore the 
Macpherson et al. (2006) hypothesis is herein discounted as a viable model for the formation of any 
of the three HMA in the north Cascade arc.  
Tarn Plateau 
Clinopyroxene populations from the Tarn Plateau flow unit exhibit similar characteristics to 
that seen in clinopyroxene of Aleutian adakites (Figures 17 and 20).  High Mg# clinopyroxene has the 
highest Sr and Nd/Yb core concentrations, which generally decrease, along with Mg#, in the rim.  
Low Mg# clinopyroxene has the lowest Sr and Nd/Yb core concentrations, which increase with Mg# 
in the rim.  However, the enrichment in Sr and Nd/Yb in Cascade HMA high Mg# cores is not as 
pronounced as it is in the Aleutian clinopyroxene. Per Yogodzinski and Kelemen's (1998) hypothesis, 
this evidence is permissible for a slab melt source in the generation of the high Mg# clinopyroxene in 
the Tarn Plateau flow unit.  High pre-eruptive H2O contents (3–4 wt. %, Figure 17; Moore and 
DeBari, 2012; Mullen and McCallum, 2014) and whole rock (Sr/P)N (~4.8, Figure 23) in the Tarn 
Plateau flow unit also support interaction with a hydrous, incompatible element-rich slab component 
(fluid ± melt; Borg et al., 1997; Clynne and Borg, 1997; Grove et al., 2002, 2005).  However, Tarn 
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Plateau’s origin story would have to differ slightly from Yogodzinski and Kelemen's (1998) adakite 
hypothesis in that the slab melt component contributed clinopyroxene crystals, in addition to the high 
Sr and steep REE signature, to the hybrid melt.  Therefore, the incompatible element-rich slab melt 
component that rose through the mantle to become Mg-rich would have begun to crystallize 
clinopyroxene prior to mixing with mantle-derived, fractionated basalt, resulting in the presence of 
the high Mg# and Sr clinopyroxene population.  The fractionated basalt had lower La/Yb, was 
slightly more Mg- and Sr-poor, and sourced the low Mg# and Sr clinopyroxene.   
Because of its slightly lower, though still elevated, Nd/Yb and Sr, clinopyroxene that 
crystallized after mixing occurred between the slab melt component and the fractionated basalt 
yielded the mid-high Mg# clinopyroxene populations (Figure 16).  Since this population of 
clinopyroxene is near equilibrium with the whole rock (Figures 17a and 18a), and since no individual 
magmatic components are identifiable in the flow unit, the slab melt and basalt components must 
have mixed extensively prior to eruption, nearly reaching equilibrium, but still preserving some 
phenocrysts from the original mixing endmembers.    
Tarn Plateau olivine has lower Ni contents, and generally lower core Fo, compared to olivine 
from the other two HMA (Figure 22).  There is also no correlation between olivine Ni and Fo, as 
typical of more primitive (higher Mg#) olivine.  Additionally, Cr-spinels are rare in Tarn Plateau 
olivine, and Cr# of spinels that are present show that the olivine is not in equilibrium with the mantle 
(Figure 24).  These characteristics suggest that any primitive olivine (with higher Ni and Fo contents, 
and probably more Cr-spinel) was removed (fractionated) from the olivine host melt.  Hence the Tarn 
Plateau olivine was likely sourced from the basalt, supporting the hypothesis that fractionation 
occurred prior to mixing with the slab component.   
The data presented here do not completely refute Moore and DeBari's (2012) hypothesis, 
which interprets the high La/Yb signature to have been acquired through melting of a garnet lherzolite 
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source.  That the steep REE signature was obtained from melting of a garnet-bearing mantle is still 
feasible.  However, if that is the case, the correlation between a garnet-bearing mantle and elevated 
H2O and (Sr/P)N must be explained.  These characteristics should be shared with other, non-garnet-
bearing mantle sources in the north Cascades.   Furthermore, their modeling does not explain the 
clinopyroxene characteristics that require mixing of high and low Mg# magmas with different REE 
characteristics.  Nevertheless, the authors do state that the garnet source is ambiguous in their 
modeling (could be sourced from either the mantle or slab), therefore it is possible to adjust their 
modeling and relate the garnet signature to the slab component.   But, their updated model must also 
be modified to include a magma mixing mechanism. 
In summary, geochemical zonations in REE of clinopyroxene populations, low Ni and Fo 
contents in olivine, high pre-eruptive H2O contents, and high (Sr/P)N values suggest that the Tarn 
Plateau is a mixing product between a hydrous, Mg-rich slab melt and a fractionated depleted mantle 
melt.  Slab melt and fluids involvement in the generation of the Tarn Plateau basaltic andesite is also 
supported by Mullen and McCallum (2014), who used whole rock geochemistry, isotopic data, and 
modeling to conclude that a hydrated, down-dragged mantle interacts with slab and sediment melt to 
produce primitive magmas beneath Mount Baker.   
Glacier Creek 
Strong olivine disequilibrium textures and clustering in clots (Figure 5h), as well as high 
olivine Ni and Fo contents relative to whole rock SiO2 contents (Figures 6 and 22), support the 
hypothesis that the Glacier Creek olivine population is xenocrystic, and was accumulated from an 
olivine-bearing mafic component prior to eruption (as originally suggested by Baggerman and 
DeBari, 2011).  Additionally, the high Ni content (relative to Fo) suggests this xenocrystic olivine 
may potentially be sourced from a pyroxenite partial melt (Straub et al., 2008, 2011).   
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Resorption of high Fo olivine would lead to an increase in magma Mg#, but since REE are 
not highly compatible in olivine (Arth, 1976; Martin, 1987), olivine addition would not significantly 
affect any incompatible element characteristics.  This is supported by widespread reverse zoning in 
Glacier Creek clinopyroxene (Figure 7a), and the lack of correlation between elevated clinopyroxene 
rim Mg#s and mid-to-heavy REE (Nd/Yb or (Sm/Yb)N, Figures 17b and 20b).  Lack of change in 
REE concentrations and ratios with increase Mg# also implies that the olivine-bearing mafic 
component did not impact the REE signature.  That hypothesis is reinforced by equilibrium liquids 
calculated from clinopyroxene cores and rims, all of which exhibit steep REE patterns (Figures 18b 
and 19).  If mixing in of olivine occurred during clinopyroxene crystallization, and the olivine-
bearing mafic component affected the REE signature, there would be a variation from clinopyroxene 
cores to rims.  This indicates the high Mg# and steep REE characteristics were obtained from 
different sources.    
The Glacier Creek flow unit differs from the other two HMA because its identifiable mafic 
component (the olivine-bearing component) is not the source for the steep REE.  Instead, the 
dominant magmatic component of the Glacier Creek flow unit, which is the source for the REE 
signature (Figures 17b and 18b), is more felsic in composition.  This is supported by the high 
abundance of plagioclase (≥ 50% of phenocryst population, Table 1), low Mg# orthopyroxene (Figure 
7, Table 3), low Mg# clinopyroxene that bears an elevated (Sm/Yb)N signature (Figures 6 and 17b), 
and calculated clinopyroxene equilibrium liquids that are dacitic in composition (Figure 20).  In 
addition, since high Mg# and La/Yb were not acquired from the same source for the Glacier Creek 
flow unit, this flow unit is not adakitic in origin.  Specifically, the Glacier Creek HMA did not 
originate from a hydrous slab melt that interacted with the mantle to obtain high Mg#.  It is possible 
that the xenocrystic olivine serves as evidence for interaction with the mantle.  However, the felsic 
dominant magmatic component is not slab melt-like in character in that it has high abundance and 
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diverse assortment of plagioclase phenocrysts, which suggest formation over an extended time, input 
from various sources, and fractionation (Table 1, Figure 8), and La/Yb ratios that are not as steep as 
expected from direct slab melts (Figure 12 parts a and b, Yogodzinski and Kelemen, 1998).  
Additionally, if the more felsic dominant magmatic component is a slab melt, calculated pre-eruptive 
H2O concentrations should reflect higher H2O contents (Figure 17), and more hydrous mineral phases 
(e.g. amphibole) should be present.   
Because the Glacier Creek dominant magmatic component is more felsic compared to other 
north Cascades HMA, it is possible that observed REE is a product of crustal melting (as hypothesize 
by Streck et al., 2007).  However, heavy REE abundances in this flow unit are much lower than both 
calcalkaline and crustally-derived dacitic lavas from Mount Baker (Figure 12b).  This suggests the 
REE signature was acquired differently.  Notably, the Glacier Creek flow unit does have significantly 
higher Sr contents (Figure 11) and (Sr/P)N (Figure 22) compared to other non-HMA lavas from 
Mount Baker (Figure 16a).  Because Sr is fluid-mobile, high (Sr/P)N values suggest that the main 
source for the Glacier Creek dominant magmatic component (a mantle source that eventually 
fractionated) was fluxed by a slab component (fluid ± melt) that was enriched in incompatible 
elements, resulting in the observed REE signature (Borg et al., 1997; Clynne and Borg, 1997; Grove 
et al., 2002, 2005).   
Another possibility is that the steep REE was derived from partial melts of a garnet-bearing 
mantle, similarly to Moore and DeBari's (2012) hypothesis for Tarn Plateau.  If mantle melting 
occurred deep in the mantle, where garnet is stable, the garnet could be the driver of the steep REE 
signature.  However, their model does not differentiate between potential garnet sources (mantle or 
subducting slab), and lacks an explanation for the correlation between elevated (Sr/P)N and a garnet-
bearing mantle.  If high (Sr/P)N is a mantle characteristic, it should be present in other mantle-derived 
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primitive lavas from the Mount Baker Volcanic Field, but that it not the case (Moore and DeBari, 
2012; Mullen and McCallum, 2014).  Nevertheless, this hypothesis cannot be discounted.  
Overall, mineral geochemistry and textures demonstrate that the Glacier Creek flow unit was 
a homogenized magma with a steep REE pattern prior to the addition of an olivine-bearing mafic 
component, and that the addition of olivine increased the whole rock Mg# of this flow unit.  In 
contrast to a hypothesis suggested by previous studies (Baggerman and DeBari, 2011; Moore and 
DeBari, 2012), since the high La/Yb signature is not associated with high Mg# in Glacier Creek, this 
flow unit is did not fractionate from Tarn Plateau.  Instead, high (Sr/P)N imply that the mantle 
source(s) of the Glacier Creek flow unit was probably hydrated by a high La/Yb component (± melt) 
that came from the subducting slab, which resulted in the observed steep REE.  Alternatively, the 
high La/Yb signature could have come from partial melts of a garnet-bearing mantle. 
Lightning Creek 
There are three different magmatic components in the Lightning Creek flow unit.  These 
include a dominant magmatic component, a mafic inclusion, and an intermediate phyric inclusion 
(Figures 4, 10–12, Table 6).  The Lightning Creek mafic inclusion has the steepest REE pattern 
(Figure 12d), is the most Sr-enriched component (Figure 11), has high (Sr/P)N (Figure 23), and could 
represent a mafic mixing endmember of the Lightning Creek flow unit (Figures 10 and 11).  The 
dominant magmatic component of Lightning Creek has similar geochemical traits, including high 
La/Yb (Figure 12d), elevated Sr contents (Figure 11), and high (Sr/P)N (Figure 23).  Olivine crystals 
from the dominant magmatic component and mafic inclusion also exhibit comparable geochemistry 
(Figure 6b).  The Ni and Fo contents of these olivine crystals are not high enough to fit the Straub et 
al. (2008, 2011) hypothesis for melts of a pyroxenized mantle source (Figure 22).  Clynne and Borg 
(1997) show that Cr# in mantle spinel increases as the mantle becomes more depleted, and that Cr# in 
spinel and Fo contents in olivine are positively correlated.  Therefore high spinel Cr# and host olivine 
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Fo contents suggest that dominant magmatic component and mafic inclusion olivine were derived 
from a harzburgitic mantle (Figure 24).  The combination of geochemical characteristics imply the 
Lightning Creek dominant magmatic component and mafic inclusion are both derived from a 
refractory mantle that was hydrated by a high La/Yb slab component (± melt) (Borg et al., 1997; 
Clynne and Borg, 1997; Grove et al., 2002).  Hence the Lightning Creek dominant magmatic 
component and mafic inclusion magmas probably originated from the same mantle source, where 
their HMA characteristics (high Mg#, steep REE, high Ni and Cr) were acquired.  
Since REE patterns of Lightning Creek dominant magmatic component clinopyroxene do not 
change in steepness from core to rim (Figures 17c and 20), the steep REE signature of the Lightning 
Creek dominant magmatic component must have been acquired prior to clinopyroxene crystallization.  
Additionally, any reverse zoning in clinopyroxene in the dominant magmatic component is 
characterized by only a small change in Mg# (Figure 7a).  This is expected based on whole rock Mg# 
values, which show that the dominant magmatic component and the mafic inclusion have similar 
Mg#s (69.8 and 71.7, respectively; Table 6).  These observations indicate that this clinopyroxene was 
not significantly impacted by mixing with the mafic inclusion.  Because the mixing of the two 
magmatic components (dominant magmatic component and mafic inclusion) had little apparent 
impact on clinopyroxene from the dominant magmatic component, it is possible that clinopyroxene 
crystallization began after mixing between the two components occurred.  
The intermediate phyric Lightning Creek inclusion represents the third compositionally 
distinct magmatic component of the Lightning Creek flow unit (Figure 4), and data suggest that the 
this inclusion is from a considerably different source than the other two magmatic components.  This 
inclusion has sparse, low Fo olivine (Figure 6b), higher whole rock silica contents than both the 
dominant magmatic component and mafic inclusion (Figures 10 and 11), and notably low (Sr/P)N 
compared to other north Cascade calcalkaline lavas (Figure 23).  Furthermore, the intermediate phyric 
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inclusion has the lowest La/Yb of the three Lightning Creek components, with a ratio that is 
comparable to other non-HMA calcalkaline flows ( >2) from Glacier Peak (Taylor, 2001; Figure 12, 
parts b and d), including the Glacier Peak dacite.  Taylor (2001) interpreted the Glacier Creek dacite 
to be largely crustal in origin, which DeBari et al. (in prep.) reinforce using isotopic data.  The 
intermediate phyric inclusion and the Glacier Peak dacite are geochemically similar, so it is possible 
the intermediate phyric inclusion may be crustally derived.  However, differences in certain trace 
element contents (e.g. Rb and Ba) between the intermediate phyric inclusion and the Glacier Creek 
dacite imply the two have different origins, or at least different crustal sources.   
Despite having two compositional endmembers (the mafic inclusion and intermediate phyric 
inclusion), whole rock geochemistry of Lightning Creek samples reveals non-linear trends in most 
major and minor elements, therefore the increasing silica trend seen in the Lightning Creek flow unit 
(Figures 10 and 11) cannot be fully explained by mixing between the mafic inclusion, dominant 
magmatic component, and intermediate phyric inclusion.  Using major and trace element mixing 
models, DeBari et al.(in prep.) were able to reproduce that trend by mixing mafic Lightning Creek 
samples with another endmember that closely resembles the Glacier Peak dacite.  The authors 
concluded that this felsic Glacier Peak endmember, though crustal in origin, is not the source for the 
steep REE, which is in agreement with data from this study (Figures 12d).   
The Lightning Creek flow unit has at least three distinct magmatic components; a dominant 
magmatic component and two inclusion types, one mafic and one intermediate (Figures 4, and 10–
12).  Whole rock and mineral geochemistry suggests that the mafic inclusion, which has the steepest 
REE pattern, high (Sr/P)N, highest Mg#, as well as Mg-rich olivine and Cr-rich spinel that are in 
equilibrium with a harzburgitic source, was probably derived from a depleted mantle that was fluxed 
by a fluid- and incompatible element-rich slab component.  Since a steep REE signature is also 
observed in the dominant magmatic component, and because this component also has high (Sr/P)N, in 
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addition to Cr-rich spinel Mg-rich olivine that are in equilibrium with a harzburgitic mantle, the 
dominant magmatic component and the mafic inclusion are geochemically related.  This means the 
dominant magmatic component and mafic inclusion were likely derived from the same refractory 
mantle source that melted due to interaction with a hydrous, high La/Yb slab component (± melt).  
The intermediate phyric inclusion, which has a notably less steep REE, and much lower (Sr/P)N, and 





Mineral geochemistry, petrography, and whole rock data of three high-Mg lavas from the 
north Cascade arc indicate that a single petrogenetic hypothesis cannot be applied to all three of the 
flow units.  Tarn Plateau basaltic andesite from the Mount Baker Volcanic Field demonstrates that 
slab melt is viable in this southern segment of the Garibaldi Volcanic Belt.  Geochemistry of the 
Lightning Creek basaltic andesite from Glacier Peak suggests that its steep REE pattern is a result of 
mantle melting through interaction with a hydrous and incompatible element-rich slab component.  
The Glacier Creek andesite from the Mount Baker Volcanic Field may share a similar origin to that of 
Lightning Creek, though melting of a garnet-bearing mantle remains a possible explanation for the 
observed high La/Yb signature.   
There is good evidence that the Tarn Plateau is similar in origin to Aleutian adakites, and 
involves a slab melt as a significant constituent.  The contribution of slab fluids and melts is 
supported by high whole rock (Sr/P)N, high pre-eruptive H2O contents, and mineral geochemistry.  
Specifically, lack of mantle-equilibrium, relatively low Ni olivine, and positive correlation between 
Mg#, (Sm/Yb)N, and Sr in clinopyroxene populations, suggest this flow unit is a hybrid mixing 
product of fractionated mantle-derived basaltic magma and a hydrous, high La/Yb, Sr, and Mg slab 
melt.   
Clinopyroxene geochemistry reveals that the observed steep La/Yb signature of the Glacier 
Creek flow unit is a primitive characteristic that was acquired prior to clinopyroxene crystallization, 
and that the addition of an olivine-bearing mafic component, despite increasing Mg# and Ni contents, 
did not significantly impact REE concentrations in this flow unit.  Since the mafic component was not 
the high La/Yb source, and because this flow unit is a homogenized product, the source for the steep 
REE is speculative.  However, high (Sr/P)N values suggest the involvement of a mantle source that 
was hydrated by a slab component (fluid ± melt).  Since slab generated fluids and melts are 
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understood to be enriched in fluid-mobile incompatible elements, this component could also serve as 
the driver for the steep REE signature.  However, it is possible to acquire the same steep REE pattern 
via melting of a garnet-bearing mantle, therefore this hypothesis remains a feasible origin for the 
Glacier Creek flow unit.  The age gap (~190 ka) between the Tarn Plateau basaltic andesite and the 
Glacier Creek andesite hints at the possibility of different magma generating processes through time 
beneath the Mount Baker Volcanic Field.   
Glacier Peak’s Lightning Creek flow unit has three magmatic components, two of which 
exhibit high-Mg characteristics and are geochemically related (dominant magmatic component and 
mafic inclusion), and one of which is geochemically distinct and differs in origin (intermediate phyric 
inclusion).  The dominant magmatic component and mafic inclusion both have steep REE patterns, 
high (Sr/P)N, high Mg#, and Mg-rich, Cr-spinel-bearing olivine that is in equilibrium with 
harzburgite, suggesting petrogenesis from the same mantle source.  This refractory mantle must have 
been fluxed by a hydrous slab component to induce melting, as supported by high Sr contents and 
incompatible elements enrichment.  In contrast, the Lightning Creek intermediate phyric inclusion has 
a more gentle REE pattern and low (Sr/P)N that are comparable to other, non-HMA calcalkaline lavas 
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Figure 1.  Map of Cascade volcanic arc and Pacific Northwest subduction zone.  Black and white 
triangles represent volcanic centers of interest and solid black triangles show Cascade arc major 
volcanic centers.  Dashed black line represents Guffanti and Weaver (1988) Garibaldi Volcanic Belt 
segmentation scheme. Subduction rates are from McCrory et al. (2012).  Abbreviations represent 
major volcanic centers (from north to south): MM: Mount Meager, MC: Mount Cayley, MG: Mount 
Garibaldi, MB: Mount Baker, GP: Glacier Peak, MR: Mount Rainier, MA: Mount Adams, MSH:  
Mount St. Helens, SVF: Simcoe Volcanic Field, MH: Mount Hood, MJ: Mount Jefferson, TS: Three 
Sisters, NV: Newberry Volcano, CLV: Crater Lake Volcano, MMc: Mount McLoughlin, MLV: 
Medicine Lake Volcano, MS: Mount Shasta, LVC: Lassen Volcanic Center.  Modified from Borg and 




Figure 2.  Geologic map of Mount Baker Volcanic Field showing location of studied flow units, 





Figure 3.  Geologic map of Glacier Peak highlighting location of the Lightning Creek flow unit, 





Figure 4.  Thin section micrographs of Lightning Creek sample LC-6, which exhibits magma 
mingling.  Three identifiable magmas have been outlined and identified as a dominant magmatic 
component (DMC, a hybridized component that is the most abundant component), a mafic inclusion 
(MI), and an intermediate phyric inclusion (IPI).  The degree of mixing between the dominant 
magmatic component and inclusions varies throughout the Lightning Creek samples.  PPL: Plane 







Figure 5 (previous page).  Thin section micrographs of clinopyroxene, orthopyroxene, olivine, and 
plagioclase exhibiting a variety of textures.  All images are set to the same scale.  Populations listed 
below refer to the population breakdown presented in Table 1.  Tarn Plateau minerals: a 
Clinopyroxene with embayed rims, patchy core, and polysynthetic twinning (population 1).  b 
Composite clinopyroxene crystals with patchy cores and polysynthetic twinning (population 3).  c 
Embayed olivine.  d Coarse sieved plagioclase (population 2).  e Fine sieved plagioclase (population 
1).  Glacier Creek minerals: f Clinopyroxene with blebby core and simple twinning.  g Embayed 
orthopyroxene with blebby texture.  h Cluster of olivine with clinopyroxene reaction rims.   i Coarse 
sieved plagioclase (population 1).  j Fine sieved plagioclase (population 2).  Lightning Creek 
minerals: k Cluster of clinopyroxene with polysynthetic twinning (population 2).  l Orthopyroxene 
with resorbed rims and glass inclusions (large crystal), and clinopyroxene with oxide inclusions 
(population 2).  m Embayed olivine. n Twinned plagioclase with coarse and fine sieving textures 
towards rim (population 2).  o Fine sieved plagioclase (population 1).  p Ratty clinopyroxene 
(Lightning Creek mafic inclusion).  q Embayed clinopyroxene in a clot with plagioclase and 
orthopyroxene (Lightning Creek intermediate phyric inclusion).  r Olivine with abundant Cr-oxides 
(Lightning Creek mafic inclusion).  s Clot of patchy, twinned plagioclase with smaller orthopyroxene 





























Figure 6 (previous page).  Graphical representation of olivine Fo and Ni contents.  a Fo contents in 
analyzed olivine from all three flows.  Fo = molar (Mg/(Mg+Fe))*100.  TP: Tarn Plateau, GC: 
Glacier Creek, LC: Lightning Creek (dominant magmatic component only). Dashed brackets illustrate 
core-to-rim zonation in phenocrysts (all normal).  b Quantitative (dominant magmatic component, 
DMC, and mafic inclusion, MI; EMP) and qualitative (intermediate phyric inclusion, IPI; EDX) 
analyses of core Fo olivine contents in Lightning Creek showing the geochemical difference between 
olivine populations.  Quantitative data was used as calibration standard.  c Mg# of analyzed olivine 
relative to host rock Mg# (for whole rock Mg# see Figure 10), with sample number labeled above 
plotted data.  Olivine/liquid Fe-Mg partition coefficient is for estimated Fe2+liq (Sisson and Grove, 
1993).  Symbols are same as plot a.  d Olivine Ni content versus to host rock Ni contents.  Sample 












Figure 7 (previous page).  Graphical representation of Mg contents in clinopyroxene.  a Mg# of 
analyzed clinopyroxene from all three flows.  Mg# = molar (Mg/(Mg+Fe))*100.  TP: Tarn Plateau, 
GC: Glacier Creek, LC: Lightning Creek.  Dashed brackets illustrate core-to-rim zonation in 
phenocrysts (mostly reverse).  b Mg# of clinopyroxene (cpx) and orthopyroxene (opx) cores.  
Additional orthopyroxene data from Baggerman and DeBari (2011), Moore and DeBari (2012), and 
Taylor (2001).  DMC: dominant magmatic component, IPI: intermediate phyric inclusion.  c Mg# of 
analyzed clinopyroxene relative to host rock Mg# (for whole rock Mg# see Figure 10), with sample 
number labeled above plotted data.  Clinopyroxene/liquid Fe-Mg partition coefficient is for calculated 
Fe2+=0.86 total Feliq (Sisson and Grove, 1993).  Symbols are same as plot a.  d Clinopyroxene Mg# 








Figure 8.  Graphical representation of An and Sr contents in plagioclase.  a An % of analyzed 
plagioclase from all three flow units.  An = (Ca/(Ca+Na+K))*100.  TP: Tarn Plateau, GC: Glacier 
Creek, LC: Lightning Creek (dominant magmatic component and intermediate phyric inclusion only).  
Dashed brackets illustrate core-to-rim zonation in phenocrysts (equal parts normal and reverse).  b 
Plagioclase core An contents in Lightning Creek showing the geochemical difference between 
plagioclase populations.  DMC: dominant magmatic component, IPI: intermediate phyric inclusion.  c 
Sr contents of analyzed plagioclase relative to host rock Mg# (for whole rock Mg# see Figure 10), 







Figure 9.  Gill (1981) K2O versus SiO2 classification diagram.  LC: Lightning Creek, DMC: 





Figure 10.  Whole rock major element major composition diagrams, with additional Cascades data 
for comparison.  Crk: Creek, LC: Lightning Creek, DMC&I: dominant magmatic component and 
inclusions, DMC: dominant magmatic component only, MI: mafic inclusion, IPI: intermediate phyric 
inclusion, HMA: high-Mg andesite, PMA: primitive magnesian andesite, CAB: calcalkaline basalt.  
Mount Shasta data includes Shastina, Sargents, and PMA compositions from Grove et al. (2002, 
2005), Lake Shannon data from Moore and DeBari (2012) for Mount Baker, and Indian Pass data 
from Taylor (2001) for Glacier Peak.  Mg# = (Mg/(Mg+Fe))*100, with Fe2+ calculated as 0.85 for 





Figure 11.  Whole rock trace element composition diagrams, with additional Cascades data for 
comparison.  Data and symbols same as Figure 10.  *Some Mount Shasta HMA (Shastina) samples 




Figure 12.  Primitive mantle normalized whole rock trace element concentrations (a and c), and 
chondrite normalized whole rock rare Earth element (REE) concentrations (b and d).  Primitive 
mantle trace element values and chondrite rare Earth element abundances both from Sun and 
McDonough (1989).  Symbols and colors are the same for a and b, and c and d.  OIB: ocean island 
basalt, N-MORB: normal mid ocean ridge basalt, ADK: low SiO2 adakite (Martin et al., 2005), PMA: 
Mount Shasta primitive magnesian andesite, MBD: Mount Baker dacite (Mazama Lake from Gross, 
2012), CAB: calc-alkaline basalt, GPD: Glacier Peak dacite (Glacier Peak felsic lava from DeBari et 
al., in prep.), LC: Lightning Creek, DMC: dominant magmatic component, MI; mafic inclusion, IPI: 








Figure 13.  Variations in clinopyroxene REE compositions, normalized to chondrite (Sun and 




Figure 14.  Chondrite normalized clinopyroxene Sm/Yb versus clinopyroxene Mg# (Sun and 
McDonough, 1989).  a Tarn Plateau clinopyroxene, separated into three populations.  Pop1: high-
Mg# clinopyroxene (86–90), Pop2: mid-high-Mg# clinopyroxene (83–85), Pop3: low-Mg# 
clinopyroxene (70–75).  b Glacier Creek clinopyroxene.  c Lightning Creek clinopyroxene. DMC: 
clinopyroxene from the Lightning Creek dominant magmatic component, IPI: clinopyroxene 
interpreted to have been sourced from the Lightning Creek intermediate phyric inclusion.  Lines 
represent (Sm/Yb)N of equilibrium clinopyroxene (cpx), calculated using partition from Arth (1976) 

















Figure 15.  Calculated equilibrium liquid compositions using clinopyroxene (cpx) REE 
concentrations, all normalized to chondrite (Sun and McDonough, 1989).  All white scale bars in 
photomicrographs represent 500 µm.  Spots represent ablation and probe analyses locations, with 
their corresponding Mg# (dark tones represent core analyses and light tones represent rim analyses).  
a Tarn Plateau (TP) clinopyroxene equilibrium liquid compositions.  b Glacier Creek (GC) 
clinopyroxene equilibrium liquid compositions.  c Lightning Creek (LC) dominant magmatic 






Figure 16.  Clinopyroxene Mg# versus Sr (a) and Nd/Yb (b) contents.  Additional data included is of 
Aleutian basalt and HMA from Yogodzinski and Kelemen (1998).  TP: Tarn Plateau, GC: Glacier 







Figure 17.  Estimated H2O contents (wt. %) of Mount Baker and Glacier Peak high-Mg andesites.  
Technique uses Ca-Na exchange between plagioclase and liquid, based on Sisson and Grove (1993).  






Figure 18.  Fugacity (ƒO2) for Tarn Plateau and Glacier Creek flow units.  NNO = nickel-nickel 






Figure 19.  Isotopic compositions of selected samples. a ɛNd versus 
87Sr/86Sr.  b 207Pb/204Pb versus 
206Pb/204Pb.  Mount Baker and Glacier Peak calcalkaline basalt (CAB) from Moore and DeBari 
(2012), Mullen and McCallum (2014), and DeBari et al. (in prep.), respectively. Cascade CAB 
complied from Bacon et al. (1997)and Grove et al. (2002) (Mount Adams, Crater Lake, Mount 
Shasta, Lassen Volcanic Center).  NHRL: Northern Hemisphere Reference Line (Hart, 1984), Juan de 
Fuca MORB (mid ocean ridge basalts) compositions represented by dotted black field (White et al., 
1987).  Blue shapes show compositional range for NE Pacific open ocean sediments and Cascadia 
continental derived sediments from (Church, 1976).  Cascadia bulk subducted sediment from Plank 






Figure 20.  Glacier Creek whole rock REE compositions from Baggerman and DeBari (2011) and 
REE abundances of calculated dacite equilibrium liquids, all normalized to chondrite using values  
from Sun and McDonough (1989).  Equilibrium liquids were calculated using acquired clinopyroxene 








Figure 21.  Mass balance and fractional crystallization models using primitive calcalkaline basalts 
(CAB) from Mount Baker and Glacier Peak as parental melts.  Mount Baker data (Lake Shannon) is 
from Moore and DeBari (2012) and Glacier Peak data (Indian Pass) is from Taylor (2001).  In a and 
b, each plus mark on the solid black line represents a 5% increase in fractionation.  Crystal 
assemblages contain clinopyroxene, orthopyroxene, garnet, and amphibole at the following 
proportions 53:17:14:16.  Mineral compositions are from Müntener et al. (2001) and partition 
coefficients are from Arth (1976) and Sen and Dunn (1994).  LC: Lightning Creek, DMC: dominant 
magmatic component, DMC&I: dominant magmatic component and inclusion, MI: mafic inclusion, 






Figure 22.  Olivine core Fo versus Ni contents (ppm).  Pyroxenite and peridotite mantle source fields, 
and mantle equilibrium boundary line, are from Straub et al. (2011).  Tarn Plateau olivine is not in 
equilibrium with a mantle source, while Lightning Creek olivine is in equilibrium with a peridotite 
mantle.  Glacier Creek olivine shows a similar trend (dashed line) to olivine found in high-Mg 
andesites from the Mexican Volcanic Belt (Straub et al., 2008, 2011), but no mantle equilibrium 




Figure 23.  Whole rock primitive mantle-normalized Sr/P versus SiO2 wt. %.  Dashed line 
represented (Sr/P)N boundary (3.3) between calcalkaline lavas and magnesian andesites from the 
Lassen Volcanic Center (Clynne and Borg, 1997).  LC: Lightning Creek, DMC: dominant magmatic 
component, MI: mafic inclusion, IPI: intermediate phyric inclusion, HMA: high-Mg andesite, PMA; 
primitive magnesian andesite, CAB: calcalkaline basalt, CAA: calcalkaline andesite.  HMA, PMA, 
and CAB data are the same as Figure 8.  CAA data is Sulphur Creek from Mount Baker (Moore and 





Figure 24.  Cr# (molar Cr/(Cr+Al)) of Cr-spinel versus their host olivine Fo contents.  OSMA: 
olivine-spinel mantle array (Arai, 1987).   To establish source fertility of these oxides, the Cr# of each 
Cr-spinel crystal needs to be correlated with Fo contents of its respective host olivine.  Also, the host 
olivine must be in equilibrium with the mantle (≥87 Mg#), otherwise Cr# may not be representative 
of equilibrium crystallization conditions.  Only Lightning Creek olivine exhibits equilibrium with the 
















XRF and ICP-MS Sample Preparation Procedure 
Introduction 
Explained below are sample preparation steps for any whole rock samples being sent for 
analysis at Washington State University’s GeoAnalytical Lab.  Analyses include acquisition of major 
and minor element concentrations via X-ray fluorescence (XRF) and trace element abundances using 
inductively-couple plasma-mass spectrometer (ICP-MS).  It is important to consult the lab prior to 
sample preparation and acquire about any potential protocol changes (including milling vessel type, 
flux powder composition, and number of glass bead fusions).  For addition information please refer to 
the GeoAnalytical Lab website.  
Sample Selection and Powdering 
Hand samples were a minimum of 15 g and were meticulously examined prior to selection to 
prevent the inclusion of any weathered, altered, or contaminated surfaces.  This was done by cutting 
off any such surfaces with a rock saw.  All surfaces that contacted the sample directly during 
preparation were thoroughly cleaned before crushing, and between each sample, to prevent any 
contamination.   
The initial crushing step involved crushing of the hand samples into pieces that are no bigger 
than 3 by 3 cm.  This was done using a rock hammer and a flat, solid metal surface.  The samples ere 
then crushed into small chips no larger than 0.7 by 0.7 cm using a mechanical rock crusher, known as 
a Chipmunk rock crusher.  The chips were then loaded onto another mechanical contraption that 
includes a milling vessel and an automated Shatterbox shaker.  A tungsten carbide vessel was used for 





Preparation of Glass Beads  
In this step the powdered samples were mixed with lithium tetraborate flux, but both 
constituents had to be completely dry prior to mixing.  To properly dry samples and flux, all powders 
were placed in sanitized beakers and left in an oven set to 100 °C for 48 hours.  Loss on ignition was 
recorded for each sample by weighing the sample before and after drying.  For XRF analyses, a 
flux:sample ratio of 2:1 was used (7 g flux to 3.5 g sample, ±0.009 g).  For ICP-MS analyses, a ratio 
of 1:1 (2 g each, ±0.003 g) was used.  A ceramic mortar and pestle was used to mix the two powders.  
The mixed products were then poured into graphite crucibles and placed in a pre-heated oven, 
where they sat at 1000 °C for ten minutes.  This step yielded the fused glass beads that were sent for 








Fractional crystallization models using primitive calcalkaline basalts (CAB) from Mount 
Baker and Glacier Peak as parental melts.  a and b crystal assemblages contain clinopyroxene, 
orthopyroxene, garnet, and amphibole at the following proportions 65.5:14:3.5:16.  c and d crystal 
assemblages contain clinopyroxene, orthopyroxene, garnet, amphibole, and allanite at the following 
proportions 52.8:17.2:12.3:17.4:0.2 (to replicate Macpherson et al., 2006).  Allanite partition 
coefficients are from Hermann (2002). All other data same as Figure 21. 
b a 
d c 
